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PREFACE 


'Fhe present volume has Injen prepared in response to a 
ratlier pressing demand tor a text-l)ook intermediate between 
the author’s MmnenU of Astronomy and ids General Astronmny. 
The latter is found by many teacduirs to be too large for 
convenient use in the time at their disposal, while the former 
is not quite suffi(iiently extended for their purpose. 

Th(! material of the new book has naturally been derived 
largely from its predecessors; l)ut everything has been care- 
fully worked over, n; arrange' d and rewritten where; necessary, 
and changed and added to in order to bring it thoroughly 
up to date. 

The writer is under great obligations to many persons who 
have assisted him in various ways, especially to Miss Anne S. 
Young, the head of the astronomical department in Mt. 
Holyoke College, who Ims carefully read and corrected all the 
j)roof. He is gn'.atly indi'hted also to I). Appleton & Co. for 
permission to use illustrations from The. Sun^ to Warmir & 
Swasey for photograplis of astronomical i^istruments, and to 
numerous other friends who have kindly furnished material for 
engravings. Among these may lie mentioned specially Pro- 
fessor Pickering of the Harvard Observatory, the lamented 
Keeler, and Professors Campbell and Hnssey of tlie lick 
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PREFACE 


Oljservatoiy, and Professors Hale, Frost, and Barnard of the 
Yerkes, l)esides several others to whom acknowledgincnt is 
made in the text. 

The volume speaks for itself as to the skillful care o 
printers and publishers in securing the most perfect mechanicfl 
execution. 

C. A. YOUNd. 

PlilNCETcfN, N.J., 

April, 1902. 
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MANUAT. OF ASTEONOMY 


INTRODUCTION 


1. Astronomy is the weieivce wliich treats of the lieavenly 
liodies, as is indicated by the derivation of its name {darpov 1 / 0 ^ 09 ). 

It considers: 

(1) Their motions, both real and apparent, and the laws wliicli 
govern those motions. 

(2) Their forms, dimensions, and masses. 

(3) Their nature, constitution, and physical condition. 

(4) The effects which they produce upon each other by their 
attractions, radiations, or any other ascertainable inllnence. 

The earth is an immense ball, about 8000 miles in diameter, 
composed of rock and water, and covered with a tliin envelope 
of air and cloud. Whirling on its axis, it rushes through 
empty space with a speed fifty times as great as that of tlie 
swiftest shot. On its surface we are wholly unconscious of 
the motion, because*, of its perfect steadiness. 

As wo look up at niglit we see in all directions the countless 
stars ; and conspicuous among tlicm, and looking like stars, 
though very different in their real nature, are scattered a few 
planets. Here jind there appear faintly sliining clouds of light, 
like the so-called Milky Way and the nebuhe, and perhaps now 
and then a comet. Most striking of all, if she happens to be 
in tlie heavens at the time, though really the most insignificant 
of all, is the moon. By day the smi alone is visible, flooding 
the air with its light and hiding tlie other bodies from the 
unaided eye, but not all of them from the telescope. 
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2. The Heavenly Bodies. — Tlie bodies tliiis seen from the 
earth are the heavenly bodies. For the most part they are globes 
like the earth, •whirling on their axes, and moving swiftly, 
though at such distances from us that their motions can be 
detected only by careful observation. 

Oiassifica- They may be classified as follows: First, the solar system 
heavenly*** composed of the sun, the planets which involve around 

bodies. it, and the satellites which attend the planets in their motion. 

The moon thus accompanies the earth. The distances between 
these bodies are enormous as compared with the size of the 
earth; and the sun, which rules them all, is a body of almost 
inconceivable magnitude. 

Secondly, we have the eomets and the meteors, whicli, wliile 
they acknowledge the sun’s dominion, move in orbits of a dif- 
ferent shape and are bodies of a very different character. 

Thirdly, we have the stars, at distances from us immensely 
greater than even those which separate the planets. The 
visible stars are suns, bodies like our own sun in nature, and like 
it, self-luminous, while the planets and their satellites shine only 
by reflected sunlight. The telescope reveals millions of stars 
invisible to the naked eye, and there are others, possibly thou- 
sands of them, that are dark and do not shine, but manifest 
their existence by effects upon their neighbors. 

Finally, there are the nebuloe, of which we know very little 
except that they are cloudlike masses of shining matter, and 
belong to the region of the stars. 

I Branches of 3. Branches of Astronomy. — Astronomy is divided into 
I' astronomy, branches, some of which generally recognized are the 

I following : 

I (1) Descriptive Astronomy. This, as its name implies, is 

I merely an orderly statement of astronomical facts and principles. 

I (2) Spherical Astronomy. This, discarding all considerations 

I of absolute dimensions and distances, treats the heavenly bodies 

simply as objects on the surface of the celestial sphere ; it deals 
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only witli angles and directions, and, strictly regarded, is 
ineiely spherical trigonometry applied to astronomy. 

(8) Praatieal Ai^trommy. This treats of the instruments, 
the methods of observation, and the pi-ocesses of calculation by 
tvhich astronomical facts are ascertained. It is quite as iinnih 
art as a science. 

(4) Theoretual Astro7iomy. This deals with the calculation 

orbits and epheinerides, including the effect of perturbations. 

(5) A&trQiumiiiuil AlecJtfames, ^ This is simply the application 
of mechanical prineqrles to explain astronomical facts, chiedy the 
planetary and lunar motions. It is sometimes called “ gravita- 
tional astronomy,” hecaiise, with few exceptions, gravitation 
is the only force sensibly concenied in the motions of the 
lieavenly bodies. 

llirtil about 1860 this branch of the science was generally 
designated “ physical astronomy,” but the term is now objection- 
iil)le because of late it has been msed by some writers to denote a 
Very different and comparatively new branch of the science, vix. : 

(6) ABtrommical Physics, or Astro-Physics. This treats of 
tlie physical characteristics of the heavenly bodies, their bright- 
ness and spectroscopic peculiarities, their temperature and radi- 
ation, the nature and condition of their atmospheres and surfaces, 
and all phenomena which indicate or depend on their physical 
condition. It is sometimes called The New .Astronomy. 

TIha above braaelu'H aiv not (li.stinct and svpurato, but overlap iu all 
tliree-tiouH. Valuabte works exist, however, l)e.arm|>- the ditt'ereut titles 
itulicated above, jukI it is iitqiortaut for the. student to know wbafe subjects 
laa may expect to find discussed iu eatdi, although tiny do not distribute 
tJie Hcdcnce between tliem in any strictly logical and mutually exclusive 
ixiamier, 

4. Rank of Astronomy among the Sciences. Astronomy is 
•fclia oldest of the nattiral sciences. Obviously, in the very 
infancy of the race the rising and setting of the sun, the 
l >haaes of the moon, and the progress of the seasons must have 
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compelled the attention, of even the most nnobservant. Nearly 
the earliest of all existing records relate to astronomical subjects, 
such as eclipses and the positions of the planets. 

As astronomy is the oldest of the st.vieuccs, so also it is one 
of the most perfect and complete, though not in the sense that 
it has reached a maturity which admits no furtlun- din'clopment, 
for in fact it was never more vigorously alive or gi’owing faster 
than at present. .In certain aspects astronomy is also the 
noblest of the sisterhood, being the most “ unseliish ” of them 
all, cultivated not so much for material profit as for pure love 
of learning. 

5. Utility. — But although bearing less directly upon the 
material interests of life than the more modcn'ii sciences of 
physics and chemistry, it is really of high utility. 

It is by means of astronomy that the latitude and longitude 
of points upon the earth’s surface ai-e determined, and l)y such 
determinations alone is it possible to conduct extensive naviga- 
tion. Moreover, all the operations of surveying upon a large 
scale, such as the determination of international boundaries, 
depend more or less upon astronomical <)hs(irvations. 

The same is true of all operations whic.h, like the railway 
service, require an accurate knowledge and obscnwanco of the 
time ; for our fundamental timekeeper is the daily revolu- 
tion of the heavens, as determined by the astronomer’s transit 
instrument. 

At present, however, the end and object of astronomical 
study is cliiefly knowledge, pure and simple. It is not likely 
that great inventions and new arts will grow out of its prin- 
ciples, such as are continually arising from chemical, physical, 
and biological studies ; but it would be rash to say that such 
outgrowths are impossible. 

The student of astronomy must, therefore, expee.t his chief 
profit to be intellectual, — in the widening of the range of 
thought and conception, in the pleasure attending the discovery 
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of simple law working out the most far-reaching results, in tlie 
delight over tlie beauty and ordei' revealed by the telescope 
and spectroscope in systems otherwise invisible, in the recogni- 
tion of the essential unity of the material universe and of the 
kinship between his own mind and the Infinite Reason. 

In ancient time it was believed that huinaii affairs of every kind, the 
welfare of nations, and the life liistoxy of individuals, were controlled, or 
at least prefigured, hy the motions of the stars and planets ; so that from 
the study ol tlu^ lieavmis it ought to be possible to predict futurity. The 
piieiido-sci<‘fu;e of astiv/o;///, based upon this belief, supplied the motives that 
led to most of tiie astronomical obscrva/tions of tlie axicicnts. As modern 
chemistry had its origin in alchemy, so astrology was the progenitor of 
astronomy, and it is remarkable how persistent a hold this baseless delusion 
still retains upon the credulous. 

6. Place in Education. — Apart from the utility of astronomy 
in the ordinary sense of the word, the study of tlie science is of 
high value as an intellectual training. No other so operates 
to give us, on the one liand, just views of our real insignificance 
in the universe of space, matter, and time, or to teach us, on 
tlie other hand, the dignity of tlie human intellect as being the 
offspring, and measurably the counterpart, of the Divine, — able 
in a sense to comprehend the universe and imdei'stand its plan 
and meaning. 

The study of the science cultivates nearly every faculty of 
the mind ; the memoiy, the reasoning power, and the imagina- 
tion all receive from it special exercise and development. By 
the precise and luatliematical character of many of its discussions 
it enforces exactness of thought and expression, and eoiTects 
the vague indefiniteness which is apt to be the result of purely 
literary training; wliile, on tlie other hand, by the beauty and 
grandeur of the subjects which it presents, it stimulates the 
imagination and gratifies the poetic sense. 
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PRELIMINARY CONSIDERATIONS AND DEFINITIONS 

runclnmeiital Notkiiisaiiil DofiiiUioiis — Aatroiioinical C'odrdiiiatos and the “Docti'Ino 
of tlio Splicro ” “ Tlio (Joloslial Olobo 

Astronomy, like all the other sciences, has a terminology of 
its own, and uses technical terms in the description of its facts 
and phenomena. In a popular work it would bo proper to 
avoid such terms as far as possible, even at the expense of 
oircumlocutions and occasional ainbiguity; but in a text-book it 
is desirable that the student should be introduced to the most 
important of them at the very outset and bo made sulhciontly 
familiar with them to use them ijitelUgently and accurately. 

7. The Celestial Sphered — The sky ap 2 ioarH like a hollow 
vaiRt, to which the stars .seem to be attached, like gilded nail- 
heads upon the inner surface of a dome. Wo cannot judge 
of the distance to this surface from the eye further than to 
perceive that it must be very far away ; it is thoroXore Jiatural 
and extremely convenient to regard the distance of the sky 
as everywhere the same and imlimited. Tlio celestial sphere^ 
as it is called, is conceived of as so enormous that the whole 
material universe of stars and planets lies in its center like a 
few grains of sand in the middle of tho dome of tlio Cajiitol. 
Its diameter, in technical language, is taken as 'mathematically 
infinite^ i.e,^ greater than any assignable quantity. 

Since the radius of the Siihore is iliiis infinite, it follows that 
all tho lines of any set of parallels will aiipear, if produced 

^ Tho study of the celestial sphere and its circles is greatly aided hy tlio use 
of a gloho or armlllary sphere. Without some sncli apparatus It is rnthor dIfilouH 
for a heglnner to get clear ideas upon the subject. 
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indofinitely, to pierco it at a single point, the vanishing 2 ^oint 
of perspective, or the point at infinity of projective geometry. 
However far apart tlie lines may be and whatever, therefore, 
may be tlie distances in miles between the points at which they 
pierco the surface of the celestial sphere, yet, seen by the 
observer at its iiifinitely distant center, the angular distance 
between those points is utterly insensible, and they coalesce 
into 0310. Thus the axis of the earth and all lines parallel to 
it pierco the heavens at one point, tlio celestial pole ; and the 
plane of the earth’s equator, keep- 
ing parallel to itself during her 
an3uial circuit around the sun, ^ 
marks out oiily one celestial equa- 
tor in the sky. 

8. The place of a heavenly body 
is simply the point whore a lino 
drawn from the observer through 
the body in question and eontimied 
03iward pierces tlio celestial .sphere. 

It depends solely upon the direc- 
tion of tlio body and has nothing 
to do with its distance. TJius, in Ifig. 1 Ay Jiy Oy etc., arc the 
apparent places of «, i?, etc., the observer being at 0. Objects 

tliat are nearly in lino with each other, as A, f, A, will appear 
close together in the sky, however great the rej^l distance between 
them, 'Pile moon, for instanoe, ofteii looks to ns very near a 
star, whieh is always at an iinmcasuraljlc disttiiice beyond her. 

9. Linear and Apgular Dimensions and Measurement. — Lintmr 
dimensions are siieli as can bo expressed in linear units ; i.e,y 
in miles, hict, or inches ; kilometers, motors, or millimeters. 
Angular diimmsions are expressed in angulaivinutsj ie.yhi degrees, 
minutes, and seconds, or somctime.s in ntdiansy the radian being 
the angle wliich is measured liy an aiii equal in Imsgtli to tlie 
radius, detorjiiined by dividing the eircuinfcj'oneo b}'' 27r. 
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The radian, therefore, equals 67°, 29 {Le.^ 3(30“ 2 tt), 

or 3437'. 76 («.<?., 21G00' 2 tt), 
or 206264''.8 1 296000" h- 27r). 

lienee^ to reduce to seconds of arc an anyle expressed in radians^ 
loe must mxdtiply its value in radians by 20 Cy 204 >^S ; a volation of 
which we shall make frequent use. 

Obviously, angular units alone can properly be usocl in dcscrili- 
iiig apparent distances in the sky. One cannot sity correctly 
that tlie two stars known as “the pointers” are so many feet 
apart; their distance is about five degrees. 

It is very important that the student of astronomy should 
accustom himself as soon as possible to estimate cehistial meas- 
ures in angular units. A little practice soon makes it easy, 
although the beginner is apt to be embarrassed by tlie fact that 
the sky appears to the eye to ho not ji true honnsphoro, but a 
flattened vault, so that all estimates of angular distances for 
objects near the hori/.on are apt to bo oxaggoratod. The moon 
when rising or setting looks to most persons much larger than 
when overhead, and the “Dipper-bowl” when undorneatli tho 
pole seems to cover a much larger area than when above it. 

'J'his illusion (for it is morcly nn illusion), which inako.s tho sun niid 
hoavcnly bodies when near the horizon a}i]«‘ai' larger than when high up 
in the sky, is probably duo to tin* fact that in the latter case wo have no 
iiilcrvoning objects by which to estiinalo (ho distance, and it theroforo Is 
judged to bo smaller than at tho horizon. If wo look at tho sun or moon 
when near the horizon through a lightly smoked glass which cuts off llio 
view of tho landscapo, the object immodiatoly shrinks to its ordinary size. 

10. Relation between the Distance and Apparent Size of an 
Object. — Suppose a globe having a (linear) radius HC equal to 
r. As seen from tho point A (Fig. 2) its apparent (z.c,, angular) 
semidiaineior will be BAC or s, its distance being AG or B. 

We have immediately, from trigonometry, since B is a right 
angle, sin s — r/B^ whence also r = U X .‘<in s, and B = ?* -h- sin s. 
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If, as is usual in astronomy, the diamotor of an object is 
small as compared with its distancq, so that siii s practically 
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equals s itself, we may write s = r/h’, which gives s in radians 
(not in degrees or seconds). If we wish to have it in the 
ordinary angular niiits, 

= 67.3 r/n ; {»r s' = 3437.7 r/.U ; or = 2001^(54.8 r/U ; 
alst) ./,'=== 206204.8 r/s", 

whore means s in decrees ; s', in mimUes of arc ; ii'\ in sevomU 
of arc. 

In cither form of the equation wo see that the apparent 
diameter varies direetly as the linear diameter and tnverscly as 
the distance. 

In the case of the moon, ./il == about 239000 miles j and r, 

1081. miles. Hence s (in radians) — ” a'it ^ radian, 

which is about 983", — a little more than one fourth of a 
degree. 

It nmy bo montioiaal liovo ns a vathor curious tact that to most jiorsons Apparont 
tho inoou, wlicu «t a considin'iiblo altitude, appeal's about a foot ia diiuii- distiiiicoof 
otor; — -at least, tbls sinuns to bii tlm average ((stimato. 'I'liis iiiiplios that •'be niirfaco 
the sui’Iaeti of the sliy appears to dioiu only about ID) feet away, sinoo nni 
that is the distniicc at whicli a disk oiks foot in diaiiiot((r would liavo an 
angular diainetor of ij,)- of a radian, or 

Probably this is coiincclod witli tho pi lysio logical fact that our muscular 
sfiuso oimbles us to Judge moderate distamics pretty fairly up to HO or JOO 
feet, tlirough tlm ‘'binocular parallax*' or convergeiico of tho oys upon 
tho object loolced at, Beyond that distance tho coiivergenco is too slight 
to be porcoived. It would scorn tliat we instinctively (istimate the moon’s 
distance a.s small as our senses will permit wlnm therti are no inti'rveiiiiig 
objects wlilcli compel our judgment to put lier further olf. 
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POINTS AND CIRCLES' OF REFFRENO]!) AND SYSTEMS 
OF COORDINATES 

In order to be able to describo intelligonlly ilio poaitiou of a 
heavenly body in the sky, it is convenient to suppose the inner 
surface of the celestial sphere to bo marked off by circles traced 
upon it, — imaginary circles, of course, like the meridiafis and 
parallels of latitude upon the surface of the earth. 

Three distinct systems of such circles are made uso of in 
astronomy, each of which has its own peculiar adaptation for its 
special purposes, 


A. SYSTEM DEPENDING ON THE DIUEC'ITON OF GHAVTTY AT 
THE POIN'r WHERE THE OBSEllVEH K't'ANDS 


AsU'onom- 
icnl '/.onitli 
ami nadir 
doflnotl. 


Goocoutvlo 

Kcnltli, 


11, The Zenith and Nadir. — If wo suspend a plumb-Hno, and 
imagine the lino extended upward to the sky, it will pierce I 
the celestial sphere at a point directly overhead, laiown as Uio 
Astronomical Zenith^ or the Zenith simply, unless some other ' 
qualifier is annexed. 

As will be seen later (Sec. 130, 6), the plumb-lino dues not , 
point exactly to the center of the earth, boeauso the earth ,, 
rotates on its axis and is not strictly spherical. If an imagi- 
nary line bo drawn from the center of (he earth upward 
througli the observer, and jiroducod to the celestial sphere, ' 
it marks a different point, known as the (jeoceniric miitJi, 
which is never very far from tlie astronomical zenith, hut 
must not be confounded with it. 

For' most purposes the astronomical zenith is the bettor 
practical point of reference, hcoauso its jiosition can bo deter- ■. 
mined directly by observation, which is nut tho ease with the "i 
other, .'i 
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The Nadir is the point opposite to the zenith, directly iimlor 
foot ill the invisible piu't of tlie eolostial sphere. 

Both » zcjiitli ’’ and «< nadir ’* lU’O derivetl from tlio Arjihio, aa an* many 
other astronomical torina. It is a rerninisconee of the ceutiirio.s when the 
Ai'abs wero the cliief culbivatoa's of science. 

12. The Horizon. — If now we imagine a great circle drawn 
completely around tho celestial sphere lialf-way between the 
zenith and nadir, and therefore 90“ from each of them, it will 
bo tho Horizon (pronounced ho-rl'-zon, not hov'-I-zon). 

Since tho surface of .still water i.s alway.s perpcndioiilar to 
tho direotion of gravity, avo may also define tlio horizon as tlie 
great circle in wliicli a plane tangent to a surface of still Avator 
at tliG iilace of observation outs tho celo.stial sphere. 

Many Avritons distinguish betAveon tho sennUc and rational 
horizons, — tho former being doliiiod by a horizontal plane drawn 
througli the observer’s eye, Avbilo the latter is defined by a plane 
parallel to this, but diUAvn through tho ccutor of tho earth, 
Tlieso tAvo planes, hoAVovor, though 4000 miles apart, coalcscse 
upon tlie infinite celestial sphere into a single grcM eirole 90“ 
from botli zenith and nadir, agreeing with the first definition 
given above. Tho distinction is uiinocossary, 

13, Visible Horizon,— Tho word “ horizon ” (from tho Greek) 
means literally “tho boundary”' — that is, the limit of tho land- 
scape, Avhere sky moots earth or sea; and this bouiulary lino 
is knoAvn in astronomy as tho visible horizon^ On land it is 
of no nstroiiomical importanco, being irregular} but at sea It 
lis praotically a true circlo, nearly eoiuciding with tho horizon 
above defined, but a little boloAv it. WJion tho ohsorvor’s oyo 
is at tho Avator-lovel, tho ooinoidonco is exact; but if ho is 
at an olovatiou above tho surface, tho lino of siglit driuvn 
from his oye tangent to tho Avator inclines or dips down, on 
account of tho curvature of tho earth, by a small angle knoAvii 
as the di}} of the 'horizon^ to bo discussed further on (Sec. 77). 


TIhi liiirn.. 
itclIlK'il, 


lllllil’rpt* 

tlllll ttl'lH in It 

Hciinlliln ti|«i 

I'Ulldiinl 


I’Im' v 1 «II»I« 

lioriTiii). 
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VorLiojtl 
cii’clea 
and tho 
inci'kliau, 


Alfcltttdo 
and ^onUIi- 
tUstnnco 
tloflncd, 


14. Vertical Circles ; the Meridian and the Prime Vertical. — 
Vertical circles are great cireles drawn Xroin tlio ’/onitli al right 
angles to the horizon, and theroloro passing throngh tho nadir 
also. Their number is indurinito. 

That particular vertical circle which passe.s north and soutli 
through the pole, to bo defined hereafter, is known as tho CV/rs- 
tial Merid ifui^ and is evidently tho circle traced upon tlio celestial 
sphere by the plane of tho teiTostrial luoridiaii upon whicfii the 
observer is located. Tho vortical circle at riglit angles to 
tho meridian is called the Prime Vertical, Tdio points where 





0 , tlio plnco of Ihn nbMOi'voi', 
0^1 tlio obHorvov’s vortlciil. 
Z, tho zoiiltb ; /*, Ibo polo. 
SWNK, tlio horlKon. 
tbo inoi'liUaii 

JiZir, tUo vortionl. 


jir, Konin Htiu', 

ZMU, ani nf tho fitav's vortical olrolo. 
TMH, tho Hlar’B tilnnioaiilar. 

Aiiplu or nro .S7/, Blar'B aslmnih. 

j\io IfiV, Btar’fl nUUutle. 

Aro Z,Mf aliir’B wnllhmiHiance. 


the meridian inicrscois the horizon aro the north and south 
imnts; and tho east and loest points aro midway between thorn. 
These aro known as tbo Cardinal Voinis, 

The parallels of altitude,, or ahmicantai% are small circles of 
tho celestial sphere drawn parallel to the liorizon, sometimes 
oalled circles of equal allitude. 

15. Altitude and Zenith-Distance, — -Pho Altitude of a lioav- 
oiily body is its angular elevation above the horizon, 
the number of degrees between it and tho horizon, monaiirod 
on a vortical circle passing through tho oliject. In Fig. 8 tho 
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vertical circle ZMII passes through the body M\ The arc Ml! 
is the altitude of il/, and the arc ZM (the complement of iMlJ) 
is its zenith-dhtanoe, 

16, Azimuth, — The Azimuth (an Arabic word) of a heavenly 
l)ody is the same as its “bearing’’ in surveying; measured, 
however, from the true meridian and not from the magnetic. 
It may be defined as the angle formed at the zenith between 
the meridian and the vertical circle which passcB through the 
object; or, what comes to the same thing, it is the arc of the 
horizon intersected between the south point and the foot of this 
circle. 

In Fig. 3 aZM is the azimuth of i)f, as is also the arc Sll\ 
which measures this angle. The distance of JI from the oast or 
west point of the horizon is called the amplitude of the body, 
but the term is seldom used except in describing the point 
where the sun or moon rises or sets. 

There are various ways of reckoning azimuth, li'ormorly 
it was usually expressed in the same way as the “ bearing ” in 
surveying; f.c., so many degrees oast or west of north or 
soutli. In the figure, the azimuth ofi M thus exjiressed is 
about S. 60® E, The more usual way at present, however, 
i,s to reckon it from the south point clear around tlirougli tlie 
west to the point of boginning, so that tlio arq 8WNKMU 
would be the azimuth of i)/, — about 810®. 

17. Altitude and azimuth are for many purposes inoon- 
voniont, because they continually change for a celestial objeot. 
It is desirable, therefore, in defining the place of a body in the 
heavens, to nso a different way Avhieh shall be free from this 
objection ; and this can bo done by taking as the fundamental 
lino of our system, not the direetion of gravity, Avhieli is d lifer- 
ent at any two different points on the eartli’s surface and is 
eon till ually changing as the earth revolves, hut tlie direction 
of the earth, s axis^ wliicli is practically constant. 


a/.iimiili 

lIlSllDHi, 


lIlllilM’il. 


Mdllttxl 

Ik/.lllHIlll. 


IlII'OHvmi 
kotiinMif ttUr 
liiilii nn«l 
azliimili. 


14 


JIANTJAL OF ASTHONOilY 


Apijftront 
Isolation of 
tlio licavoiis. 


B. SYSTEM DEPENDING UPON THE DIKEC'I'JON OF 'niE 
EAR’riPS AXIS OF UO'l’ATION 


18. The Apparent Diurnal Rotation of the Heavens. — If on 
sonio clear evening in the early autumn, say about eight o’clock 
on the 22d of September, wg face the north, wo shall ibid tho 



appearance of that pavt of tho heavens directly before us flul>< 
stantially as shown in Fig. 4. In tho north is tho constellation 
of the G-reat Bear (Ursa Major), oharaoteri/.od by tho oonapiou- 
ous group of seven stars, known as tho Great Dipper, which 
lies with its handle sloping upward to the west. Tho two 
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easternmost stars of the four which form its bowl are called the 
pointers^ because they point to the pole~$tart — a solitary star ‘i’in. |K.h. 
not quite half-way from the horizon to the zenith (in the latitude 
of New York), and about as bright as the brighter of the two 
pointers. It is often called Polaris, 

High up on the opposite side of the pole-star from the Great 
Dipper, and at nearly the same distance, is an irfegular zigzag 
of flvo stars, each about as bright as the polo-star itself. This 
is the constellation of 
Cassiopeia. 

If now we watoli these 
stars for only a few 
hours, wo shall find that 
while all the configura- 
tions remain unaltered, 
their places in the sky 
are slowly ohanging. 

’’.riio Dipper slides down- 
ward towards the north, 
so that by eleven o’clock 
the poi]itors are directly 
under Polaris. Cassio- 
peia still keeps oppo- 
site, , however, rising towards the zenith j and if wo wore to 
oontinue to watch them the whole night, wo should find that 
all tlio stars appear to bo moving in circles around a point near 
the pole-star, revolving in the opposite direction to the hands 
of a watch (as wo look up towards the north), with a steady 
motion whioh takes them coin pie toly around once a day, or, 
to bo exact, once in the sidereal day.^ consisting of 28”66'"4",1 
of ordinary time. They behave just as if they wore attaoliod 
to the inner surface of a huge revolving sphere. 

Instead of watching the stars with the eye, the same result 
oan bo still bettor reached by pliotography. A camera is pointed 



Fia. 8. — Pol ft V Sifti’ Trails 
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lip tow<ai’cls the pole-star anti remains firmly fixed while llio Rtan 
by their diurnal motion, impress their “ trails ” upon tlie plali 
Kg. 6 is copied from a negative made by tlie author with a 
exposure of about three liours. 

If instead of looking towards the north wo now look soutl 
ward, we shall find that tliero also the stars appear to inovo i 
the same kind of way. All that are not too near the polo-stn 
rise somewhere in the eastern horizon, useond not vortioally Im 
obliquely to the meridian, and descend ohli(|Ucly to their soUiii. 
at points on the western horizon. Tlio motion is always in a 
arc of the circle, called the star’s diurnal airole^ the size of wliio 
depends upon the star’s distance from the polo. Moreovor, id 
these arcs are strictly parallel. 

The ancients accounted for these obvious facts by supposlu; 
the stars actually fixed upon a real material sphere, roall, 
turning daily in the manner indicated, According to tliis vw 
there must therefore be upon the sphere two opposite, pivoU) 
points which remain at rest, and these are the poles* 

19. Definition of the Poles. — 'fho Celestial .Poles, or Poln q 
Rotation (when it is necessary, as sometimes happens, to dif 
tingnish between these polos and the of the eoliplie), niA, 
therefore ho defined as those tivo points in the shy where a Ha 
woidd have no diurnal 7notion. The exact position of oitlie 
pole may be determined with proper instruments by finding 6h 
center of the small diurnal circle described by some star mtft 
it, as for instance by tlie polo-stai’. 

Since lliu two polea avo diameti'ically tqipoaili) iu Llio alcy, only one c 
them 18 usually viaiblo from a given place ; obaorvoi's north of the orjuftl<i 
see only the north polo, and vice versa in the aouDiorn liemisjiliore. 


i Mechanical Knowing as we now do that the apparent revolution of til 
defliiition celestial sphere is due to the real rotation of the earth O; 
! ' its axis, we may also define the polos as the two points 

\ the eartPs axis of rotation {or any set of lines parallel to 

1 pTodaoed indefinitely, would pierce the celestial sphere* 
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20. The Celestial Equator, or Equinoctial, and Hour-Circles. — Doiinition 
The QeUstial JHquator is the great circle of the celestial sphere^ "ftieatitti 
drawn half -wag between the jmles (theroforo every wJiero 90® from cqimtor. 
each of them), and is the great circle in which the plane of the 
earth's equator cuts the celestial sphere {Fig. 0). It is often 

called the Tlquinoctial. Sm.all circles drawn parallel to the I’m-aiiois fif 
equinoctial, like the parallels of latitude on the earth, are called 
parallels of declination-, a star’s with diurtuU 

pjtrallel of deediuation being idon- ulrcles. 

tical with its diurnal circle. 

The great circles of the celestial 
sphere which 2 )ass through thepoles-, 
like tile meridians on the earth, 
and are therefore perpendicular 
to the celestial equator, are called 
Hour- Circles, On celestial globes 
twenty-four of them are usually 
drawn, corresponding one to eacli 
of the twenty-four hours, but tlie 
real number is indo finite; an 
hour-circle can bo drawn througli 

any star. That qmriicular hour-circle which at any moment 
passes through the zenith of the observer coincides with the 
celestial meridian^ alrciuly doflnod. 

21. Declination and Hour Angle. — The ^Declination of a star 
is its distance in degrees north or south of the celestial equator ; 

~\-if norlhy — if south. It eorresponds precisely witli tlio lati- 
tnde of a plaoo on the earth’s surface, but cannot bo called 
celestial latitude,, lieeause the term has boon proocoupiod by an 
entirely different quantity to bo delinod Inter ()Seo. 27). 

Tlie Hour Angle of a star iit Juiy moment is the angle af 
the vole h tioeen the oelestial meridian and the hour-circle of the 
star. In Fig. 7, for the body m it is the angle ml% or the 
are (JY. 



(I. — Tim IMaiio of llui Karlh’H 
Hqimtor protliuHiil to cut tlio Cohis- 
lliil .Mphoi’u 


llouv-cirulcH 
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Tills angle, or arc, may of course bo inciusured like any olhoVt 
in degrees, but since il depends upon the time which lias olajised 
since the body was last on the meridian, it is more usual to 
nioasui'o it in hours, minutes, and scoonds of time. The hour 
is then equivalent to of a eirouinfcrenco, or 15°, and Uio 
minute and second of time to 15' and 15" of are, rospoctivol 3 ^ 
Thus, an hour angle of 4''2“’3® equals 00° 30' 45". 



Fig, 7,--IIoiu’-Civclos. oto. 


0, place of the observer ; }}, bis zenith. 
SJSNIV, the horizon. 

POP', tho axis of Iho celestial sphoio. 

P and tho two polos of tho hcavons. 
ISQW'P, tho oolestial equator, or cqiilnoo. 
tlal. 

A', tho vernal eqvUnox, or << (Irst of Arles,’* 
J*A7’', tho equinoctial colmo, or zorohour- 
oirolo. 


m, Bonio star. 

Vm, tho star’s doolination ; Pm, Sis iiorMi* 
polar (listancu. 

Anglo j)»7»yf=aro QV, tho star’s <on«lflrilV 
hour angle ; =■ B-l'i jiiiuns star's wcNll<»ni' 
hour angle. 

Anglo A7hii => aro A' star’s right rtsQOHilQt|U 
Bkloi'oal tliiiu at tho luomuiit-aS-l'iftiiiiitjr 
angle A7*Q. 


The position of the body m (Fig. 7) is, then, perfectly fbnncd. 
by saying that its declination ia + 25° and its hour angle 40° 

(or simply 320°, if we choose, as is usual, to reckon oompleU3l^5f 
around in tho direction of the diurnal motion). Instead ot 40 
degrees, wo might say 2''40"‘ of time east, or simply 21^' 20'" to 
correspond to the 820°. 

22. The declination of a star, omitting certain miniiUco tclK 
the present, remains practically unallorod oven for years, bUt 
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tho hour angle changes continually and uniformly at the rate of 
16° for every sidereal hour. Tiiis uiifits it for use in ophemori- 
des or, star-catalogues. We must substitute for tho nioriclian 
some otlior liour-oirclo passing througli a well-dolinod point 
which participates in tho diurnal rotation and so retains an 
unchanging position relative to tho stars. Such a point, 
selected by astronomers nearly two thousand years ago, is the 
so-called Vernal Mqidnox^ or Mr%t of Aries, 

23. The Ecliptic, Equinoxes, Solstices, and Colures. — Tlie 
sun, moon, and planets, though apparently carried by tho 
diurnal revolution of the celestial sphere, are not, like tho stars, 
apparently fixed upon it, but move over its surface like glow- 
worms creeping on a whirling globe. In the course of a year, 
as will be explained later (Sec. 160), tlio sun makes a eomplote 
circuit of tho heavens, traveling among tho stans in a groat 
circle called tho .Ealiptio, 

TIio ecliptic cuts tho celestial equator in two opposite points 
at an angle of about 28^°. Those points are the equinoxes, 
Tho Vernal Equinox,, or Eirst of Aries (syinl)ol 'Y>), is the point 
where the sun crosses from the south to the north side of the 
equato7\ on or about tlio 21st of March, Tho otlior i.s tho 
autumnal equinox, 

Tho summer and winter ^^ol8t^c(is are points on the ecliptic, 
midway between tho two equinoxes and 90° from each, whore 
tho sun attains its maximum declination, of -)- 28i° and — 28i° 
in summer and winter, respc(!tively. 

The hour-circles drawn from tho polo (of rotation) tlirough 
tho equinoxes and solstices are called the equinoctial and 
solstitial Oolures, 

Neglecting for the present tlio gradual effect of pro- 
cession (Sec. 166), tUoHo points and circles are fixed with 
roferonco to the stars, and form a framework by which tho 
places of cehistial objects may bo conveniently defined and 
catalogued. 
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No conspicuous star marks tho position of tlio vonnil oquiiioJCi' 
but a line drawn from tlui pole-star through Cassioiicitw imct 
coiitimicd 90“ from tho polo will strike very noiir it. 

24. Right Ascension. — The Hiijhi Asocnslon of a star may 
now bo defined as the avyle made at the celestial ^^ole hclmm 
the hour-circle of the star and the hour-circle which 
through the verncd equinox (called tho equinoctial aalure)y olf 
as the arc of the celestial equator interceqHed between (he vernal 
equinox and the point ivhere the star's hour-circle cuts the apiaiot* 
Right ascension is reckoned alwa 3 \s eastward from the etiuiiiox, ^ 
oonipletely around the circle, and may bo expressed eithoi* ill 
degrees or hi time units. A star one degree loest of the e(|uiticix 
has a right ascension of 859°, or 28‘*66'“. 

Evidently the diurnal motion does not affect tho right aacen- 
sion of a star, but, like tho doclinaiiou, it remains practioally 
unchanged for years. In Fig. 7 (Sec. 21), if X be tlio voi'iiftl 
equinox, tho right ascension of m is the angle XPm^ or tho UPK 
A^y measured from fX easttoard. 

26. Sidereal Day and Sidereal Time. — Tho sidorenl dug 
the interval of time between two successive passages of a ^ 
star over a given meridian, and at any place it bogina at tb# 
moment when the vernal equinox is on the meridian } ll bt 
about /d«r minutes shorter than tho solar day, and like 
divided into twenty-four (sidereal) hours with corrospondllljgf 
sidereal minutes and seconds, all sliortor than tlio corrospoiuUliif 
solar units. , 'i 

The sidereal time iit any moment is tho time shown by il' 
clock so set and regulated as to show Kero houi'S, '/oro niilluUJSk 
and zero seconds at tho moment wlion the vernal oquiiiOX 
crosses the meridian, It is the hour angle of the voiidl cyrtfwflA 
or, what is the same thing, the right ascension of the observer*i 
meridiaii, 

26, Observatory Definition of Right Ascension. — n’lio I'lgJliCi 
ascension of a star may now bo correctly, and for obsorvdtOJ^; 
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purposes, most conveniently definotl as the mlareal time at tlie 
moment when the star is erossinf} the ohscrmr's meridian. Since 
the sidereal clock indicates zero liours at sidereal noon, i.e., at 
tile moment when the vernal equinox is on tlic meridian, its 
face at any other time sliOAva the hour angle of the equinox ; 
and this is wliat has just been defined as tlie right ascension of 
all stars which may then happen to be on tiie meridian (common 
to them all since they all lie on the same hour-circle). 


a. SVSTKM DUTIOKMINEI) HY THE PLANE OE THE 
EAKTH’S OllIHT 

27. Celestial Latitude and Longitude. — The ancient astrono- 
mers confined their observations mostly to the sun, moon, and 
planets, which are never far from the ecliptic, and for this 
reason the eelipHo (whieh is simply the trace of the piano of the 
earth’s orbit upon the celestial sphere) was for thorn a more 
convoniont circle of reference than the equator, — especially as 
tliuy had no ucemuto clocks. According to their teriiunolug}’', 
Latitnde {o(>lestial) is the anffular distance of a heavenly body 
north or south of the e(dipiic ; Lonyitude {celestial) is the are 
of the ecliptic intereepted between the vernal equinox (y) (md 
the foot of a circll drawn from the pole of the eoUpHo to the 
ecliptic through the object, Longitude, like right ascension, is 
always reckoned eauUoard from the equinox. 

Circles drawn from the polos of the ecliptic perpendicular to 
tlie ecliptic arc called secondaries to the eeliplio, — by some 
writers “ecliptic meridians,” and on some celestial globes are 
drawn instead of hour-eircles. 

The of the ecliptic are the points 90° distant from tlie 
ocliptie. The position of the north eoliptie polo is shown in 
Fig. 4, It Is on tlio solstitial ooluro, about 29^° distant from 
tliG polo of rotation, in declination G(i^° and riglit aseonsiou 
It is marked by no conspicuous star, 
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It) is unlortiinato, or at least confusing to beginners, that oeles- 
tial latitude and longitude should not correspond with tho ter- 
restrial quantities that bear tho same name. Groat care must 
bo taken to oliserve the distinction. 

28, Recapitulation. — The direction of yravity at tlio point 
where tho observer’ happens to stand determines tho /i^enith and 
nadir y the horizon and the ulmneantarsy or parallbh of altitude^ 
and all the vertical circles. One of tho verticals, tho meridian') 
is singled out from the rest by the circumslance that it is the 
projection of the ohservefs terrestrial meridian upon the oelestial 
sphere and passes throuyh the polcy marking the north and south 
points where it cuts the horizon. Altitude and azhmith) or their 
complements, zenith-distance and amplitude, define the position 
of a body by reference to the horizon and meridian. 

This sot of points and circles shifts its position among tlio 
stars with every change in the place of the observer and every 
moment of time, Each place and hour has its own zenith, its 
own horizon, and its own meridian. 

In a similar way, the direction of the cartKs axiS) wMoh is 
independent of the observer’s place on tho earth, dolormiuos tho 
pole (of rotation), the equator) parallels of declination) tind the 
hour-circles. Two of these hour-circles ftle singled out as 
reference lines; one of them is the hour-circle which at any 
moment passes through the zonilli and coincides with tho merid- 
ian, — a purely local reference line ; tho other, the e<piinootial 
colure) which passes through the vernal equinox, a point chosen 
from its relation to the sun’s annual motion. 

Decimation and hour angle define the place of a star with 
reference to the equator and meridiaU) while declination and 
right ascension refer it to tho equator and vernal equinox. The 
latter are the coordinates usually given in star-catalogues and 
almanacs for the purpose of defining the position of stars and 
nlanels. and then corresoond exactly to latitude and lonaitude on 
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the earth, by' means of wliioh geogTapliieal positions ai'o dcsig'- 
nated. in the slcy tfikes the place of (rreeinvicli on the earth. 

•Finally, the earth’s orbit gives ns the great circle of the sky tih< 
known a.s tlic ecliptic ; and celestial latitude and loncjikidc define 
the position of a star with reference to tlio ecliptic and the V(fr- 
nal equinox (‘y>). For most purposes thi.s pair of ooiirdinates is 
practically less convenient than rigiit ascension and declination ; 
l)nt it came into use centuries earlier, and has advantages in 
dealing with the planets and the moon, 

39. The scheme given Ixdow presents in tabular form the 
relations of tlio four different systems to each other. In each 
case one of the two coih’di nates is moasuiHid along a primary 
circle, from a point selected as the origin, to a point whore a 
secondary circle cuts it, drawn thn)iig]i tlie object perpendicular 
to, tlio primary. The second coordinate is tlie angular distance 
of the object from the primary circle measured along tins 
s(5condary. 
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30, Rolattoii of tho Cooidinatoa on tUc Splioro. ■ — Fig. H hIiowh liow lliuHn 
cofinllnatoK iivo rolatod to oaoli otlior, 'I'ho rwulov is HiippoBod to ho 
looking down on tin! oidostiul Hplioro from ahov(!, llin oirclo HTHNWA lining 
tho liurizon. 
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Z is tho zenith; 1\ the north poln (of i«t>iation) ; P\ the pole 
of the ecliptic; the vernal equinox, and Uio aittiimiml; iS', IK 

nvo the cardinal points of tlio horizon. 'I'he oval 
the celestial equator, and tho nariowcr one, is Hie ecliptic. 

Tlie nngle nieasnred hy tho arcs BC and J?r*\ is the oUiqniUi of the 

ecliptic, for which the usual ayjnhol is e or c. 

0 is some celestial object. Tlien tho arc A f) (projected as a straight 
line^ is its aldlude and the angle OZS ils azimuth. 0^f is its declination 


N 



Fia, 8. “Relation of tho Dlfforoiit Cocirdliiales 


and OPQ ils hour angle , X^M is its right ascf union = arc °f M. Of. \fi its 
lalilitde and X P'B (= arc X f) is its longituth, P is 00“ of tlic equi- 
noctial cohu'c and P'P/IC' ip 00“ of the solslitinl colnro. 'I'lie aiiglos X B'B 
and X PC' nvo each 00®. 

For methods and fonnulrc by wliich eitlun' aot of eoortlinnlos may ho 
« traiisfovnied ” into one of the others, see St*o.s, 700 and 701 (Appendix). 
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31. The Astronomical Triangle. — Tlu; InungU! VZO (pole- tiio “usircc 
•* zeiiiCli-objoct) (Fig, 8) is often Ciilbnl the astronomical IrumtjU 

♦ because so many problems, especially of nautical astronomy, 
dei^end on its solution. Its sides and angles are all named, — 

I'Z is the oolatitxuh of the observer^ ZO is the zenith-distance of 
the object^ and OJi is its nox'tli polar distance,, or eomplement of 
its declination. The angle is the hour angle of tlio object, tlic 
angle Z is the supplement of Us azimuth,, and, flnally, the angle 
at 0 is called the parallac- 
tio angle,, because it enters 
into the cahiulations of the 
effects of parallax and re- 
friiotio3i upoir tlio right 
ascension and declination 
of a body. Any three of 
the parts being given the 
others can, of coiU’so, bo 
found, 

32. Relation of the Place 



of the Celestial Pole to the 
Observer’s Latitude. — If 


Frn, il. — Holnlioii nf Latldido to Iho 
I’llovaiioii of llui Polo 


an ()bs(33'ver wore at the 3u)rtli t)ol(! of tlio earth, it is eleav timt Position of 

the pole-star would bo very near his ’/.onith, while it would bo 

at his hoi’izon if he wci'c at the e(iuat()3'. 'I'lie place of the polo 

in tlio sky, tliG]‘ofo3'e, depends entirely on the ol>se3’vei‘’s latitude, 

and in this Y03.y simple way the aUiludc of the pole (its licight Tim aitltiulo 

in degrees ahovt) the lio3'i/oii) is al-wags equal to the lulitmh 

of the observer. This will he clear fi'om Fig. 9, The latitude obsomi-'H 

(astrtjnomitial) of a jdaco may be dolhuid as ihe, angle beMoeen the ^aUtwao. _ 

direction of gravitg at that place and the plane of the earth's 

eqxiitior,, — tlio angle ONQ in h'ig. 9. If at 0 wo draw .////' pci'- 

pondioiilar to ON",, it will be a level line, aud will lie in the 

plane of the liorizoii. l^h’oin O also draw tyP” pai'allel to 6'./^', tho 

earth’s axis, OP” and V.P’,, l)eing pjirallol, will both be directed 
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Aspect of 
Uio licavoiia 
as soon from 
llio oni'lli’s 
cqnator. 


to their ‘‘vanishing point” in tho colestial sphoro (See. T), 
■which is the celestial pole. Tho angle IP OP" is tlicroCoro tho 
taUitiuIe of the jyole as seen at 0; and it obviously equals ONQ, 

^ fniulamontal relation, that the altitude of the pole Is identical 

with the observer’s latitude, cannot be too strongly oinphasizod. 

33. The Right Sphere. — If the observer is situated at tho 
earth’s equator, that is, in latitudo zero, tho polo 'will bo in his 
horiKOJi and the colestial equator Avill he a vertical circle, coin- 
ciding with the prime vertical (Sec. 14). All heavenly bodie.s 
will rise and set vertically, and their diurnal circles will all bo 
bisect od by the horizon, so that tliey will bo twelve hours above 
and twelve hours below it; and the length of tho night will 
always equal that of the day (neglecting refraction, Sec. 82), 
Tliis a-speeb of tho heavens is called ilie right sphere, 

U is worth noting that for an ohsnrver exactly at tlio north polo tho 
dolinitioiis o£ moridian and azimuth break down, .since at that point tho 
zenith coincides wit.h the pole, Facing which direction Im will, ho is 
Btill looking directly soullu If ho change his place a few steps, how- 
ever, his zenith will move, and everything will become dennito again. 


Aspect ol 
the heavens 
as soon from 
Iho polo. 


34, The Parallel Sphere. — • If the observer is at tho polo oX 
the Garth, where his latitude is 90®, the celestial polo will bo 
at bis ZGiiith and the equator will coinoido with the horizon. 
If at tho north pole, all the stars north of tho coloatial equator’ 
will romaiii permanently above the horizon, never rising nor 
falling, but sailing around the sky on ahnucantai'S, or parallels 
of aUitude. The stars in the southern homisphoro, on tho 
olhor hand, will novor rise to view, 

SiucG tho sun and moon move among tho stars in snoli a 
way that during half of tho time they arc north of tho equator 
and half the time south of it, they will be half the time abovo 
the horizon and half the time below it, at least appro%imaiely.t 
montJis’ day this statement needs to be slightly inodihed to allow for tlio 

nt tho polo, ^ • 

effect of refraction, The moon will be yisible for about a fort- 
night each month and the sun for about six months each year. 


The six 
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35. The Oblique Sphere. — At ituy Htatioii botwoon Uio jjolos AKiiwittif 
and tlio equator the r)ole will bo elevated above tlio liorizoii, 
and the stars will rise and set in ohliqiia circUs^ as shown in luiiMio 
JTig. 10. Tlioso whoso distance} from the elevated polo is loss 
than ihV (the latitude of tho observer) will of course never sot, 
remaining porputually visible. Tho radius of this oirch of per- Tho nh-oUin 
pctual apparition^ as it is (ialled (tho sliaded cap around ./'* in 
tlio iiguro), is obviously just equal to tho height of tho polo, mui mieniia- 
bocoining hirgov as tho latitude inerciascjs. On the othor liand, 
stars witiiin tlio same distauei} 
of the depressed pole will lie 
ill tho oiroh of iw-rpctMal oooul- 
tation-t and will nover rise 
above tho 1 tori/ on. A star 
exactly on the coles tint oipia- 
tor will have its diurnal eireh} 
bi.soeted by tlio horizon and 
will bo above tho horizon 
twelve hours. A star north 
of tho equator, if tho north 
polo is tho elevated ono> will 
liave more than Jialf its diur- 
nal cirelo above the luirizou 
and will ho visildo for more than twelve hours oacli day; as, 
for instaueo, a star at vf, rising at ii and setting at uK 

Whenever tlio sun is north (jf tho celestial ei^uator, tho day 
will tlioreforo be longei' than the night for all stations in nortli- 
orii latitude ; how iniieli longer will depend on the latitude of 
tho plaeo and tlio sun’s distance from tho equator, 4.«., its 
declination. 

36, Tho Midnight Sun, — If tho latitude of the observer is Tiio mld- 
suoh that /bV in the liguro is greater than tlio sun’s polar 
distance or code cli nation at the time when the sun is far- 



tliest north (about Obi®), the sun will eoino into the circle of 
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pGi'petual apimriiion and will make a oomploLo oireuil of ilio 
heavens wiUioul selting, iinlil its polar clisLanco again becoinea 
less than 'Hiis happens near llu) suinnier solstice at the 

Norlli Capo and at all stations loithin (hi Aratio oircle. 

Wlienovor the sun is nnrtli of the equator it will in all north 
latitudes ri>sG at a point north of oast, as />’ in the figure, and 
will continue to shine upon every vertical surface that faces 
the north, until, as it ascends, it crosses the prime vertioal 
JiJZlV at some point V. 

Ill the lalifcuclo of Now York, the sun on the long(‘st days of sumniav 
is tioiiili of 1-liG priino vortical only about oigliL liours of tho whole (Ifteeii 
cUu’ing wliioli it is iiliovo tlic horizon. During seven hours of the day it 
shines into north windows, 


A celestial globe will be of great assistance in studying 
these diurnal phenomena. By means of this it can at onoo 
bo seen what stars never set, which ones never rise, and 
during what part of the twenty-four hours a heavenly body 
at a known declination is above or below the horizon. 

37, The Celestial Globe. — The ccloHtial globe is a ball, lusually of 
papier-mficlui, upon which are drawn ibo circles of (ho celestial spliero 
Hiul a map of the stars. It is mounted in a frumewovk whicl; ropri'si'nla 
the horizon and Lho meridian, in the manner shown by Fig, 11. 

'I’ho horizon f lUI' in tlio iigurc, is usually a wooden ring tlnw or four 
inches wide, clirccLly supported by tlie pedestal. It carri<‘s upon its uppei' 
surl'iico at the inner edge a circle marked witli degrees for measuring tlio 
azimuth of any heavonly body, and outside tliis the so-called “zodiacal 
circles,” which give the sun’s longitude and the equation of time (Sees. 00 
and 17*1) for every day of the year. 

The meridian rinff, il/jir, is a circular ring of metal which carries the 
bearings of the axis on winch tlio gloho revolves, 'I'liiiigs are so arrangoil, 
or ought to be, that the mathematical axis of the globe is oxaotly in tlio 
same piano as the graduated face of the ring, wliich is divided into dogrocB 
and fractions of a degree, Avith zero at the equator. 'Pile meridian ring 
Ills into two notches in the horizon cii'cle and is held underneath tho globo 
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by a support with a dm up, whioU onablcs us to fix it sociu’oly in any 
fU'sivod position, the jnathoinatical coiitor oC tlio, globo being prcicisdy in 
the planes botli ol tlio moriflian ring and the liorizon, 

Tlu) hour index on the globe liore figured is a pointer like the hour-hand The fmar 
of a dock, so attached to the meridian ring at the polo that it can bo hidox. 
turned around the axis with stilllsh friction, but will retain its position 
imdningod when tlio globe is inadcs to turn under it, It polnls out the 
time on a small time-circle graduated usually to, hours and quarbu’s printed 
on the surface of the globe, 


Till', tiur/acc a/ the (/luhc is marked first witli the celestial equator (Sec, 20), 
next with the ecliptic (See. 20), crossing the equator at an angle of 
23}° (at X in the figure), and 
oaoh of tlu^se dreh^s is divided 
into degrees and fractions, 

Tlie eiiuhioclial and solstitial 
volures (S(!c. 23) are also al- 
ways ropreseiib'd. As to tlu! 
otlier cirdes, u.sage dilTers. 

Tins ordinary way at pr((sent 
is to murlc the glolie with 
twenty-four hour^oircleSy fif- 
teen degrees apart (tlie colures 
being two of tboni), and with 
parallels of deelination bm 
degrees apart. 

On the surface of the globe 
are plotted the positions of tlie 
atur.s and tlie outliniss of the 
eonstellations, 

38, To rectify a globe, — 
that is, to set it so as to 
slmw the aspect of the heavens at any given time, — 

(1) KlevaUi the north pole of the globe to an angle equal to the 
observer’s latitude liy means of the graduation on the meridian ring, and 
clamp the ring securely. 

(2) Look np the day of the montli on tlie bori/on of the globe and 
opposite to tlie day find, on the, longitude circle, the sun’s longitude for 
that day, 

(3) On the colipLlo (on the surface of the globe) find the degree of longi- 
tude thus indicated and bring it to tlie graduated i'uco of the niorklian ring, 
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Fio. 11. — Tile Celestial Globe 
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Tho globo is thou set to coi lespniul to (upparent) noon nE tho day in 
question. (It may ho woll to iniivlt tlie place o£ tho sun leinporarily with 
a bit o£ moist paper applied at the proper place in tho ooliptio; it can 
easily be wijied oJE after using.) 

(I) Holding the globe fast, so as to keep the place of tho sun on tin*, 
meridian, turn tho hour index until it shows on tho graduated lime-chrle th(( 
local meantime o£ apparent noon, nr,, 12*' ± tho equation of time givemfor 
the day on tho horizon ring, (Tf standard Lime is used, the hour index must 
be set to tluj standard Lime of apjoai'ont noon.) 

(5) Finally, turn the globo until tho hour for ■which it is to bo sot is 
brought to the meridian, as indicated on the honr index. The globo will 
then show the Inio aspect of the lieavcus. 

Tho positions of the moon and planets are not given by tins operation, 
since they have no fixed places in the sky and thoro/ore cannot bo pul upon 
the globe by llio maker. Tf one wants them represented, ho must look up 
tlioir right ascensions and do oliim lions for the day in some almanao and 
mark the places on the globe with bits of wax or paper, 


EXERCISES 

1. What point in tho celestial .sphere has both its I'iglit a.so(*n.Hiou and 
declination zero ? 

2. AVhat arc tho celostiul Intllnde and longitude of this point? 

3. AVliat arc tho hour angles aiul azimuth of tins zouilh ? 

4. At what points does tins celestial equator cut tins horizon ? 

6. AVhat angle does tins ceh*stlal equator make with tlu' horizon at 
these points, as soon by an observer in latitude d()'^? 

6. AVhat if his latitude is JO*"? 20®? 00®? GO®? 

7. AAHien the vernal oiiuinox “i® is rising on tins eastern horizon, ■\vhttt 
angle does Lire ecliptic make witli tlio liorizon at that jiniuL for an olsHervisr 
in latitude 40® ? 

8. AVhat angle when sotting? 

9. AAMiab is the angle bes tween tho ecliptic and liorizoii -svlien the 
autumnal equinox is rising, and when sotting? 

10. Name the fourteen principal points on the celestial spliej'o (zisuilh, 
polos, equinoxes, etc.), 

11, AA'’hat important circles on tins celestial spheres luiv(s no correlativ(',H 
on the surface of the earth V 
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12, What avo ivpproximatoriglifc asoonsiou and cl(?clination (aaiul S) 
of the Him on March 21 aiul Septemhor 22 V 

13, IVliat is the sun’s altitude at noon on March 21 lor an ob.sorver in 
latitude ‘12° V 

14, How far is tlie sun from the zenith at noon on March 21, (is .sc(m 
at Pnlkowa, latitude 00° ? How far at noon on June 21 ? 

16, On March 21, one hour after sunset, whereahouta in the sky would 
bo a star having a right ascension of 7 honr.s and declination of ‘10°, tl)o 
observer being in latitude 40° ? 

16, If a star rises to-night at 10 o’clock, at what time (approximately) 
will it rise 80 days hence? 

17, When the rig) it ascension of the .sun is (1 liours, wlmt are its iongi- 
tude (A.) and latitude (fi) ? 

18, What, when its a is 12 hours? 

19, Wliat are the latitude and longitude of the north polo of rotation 

20, What are tlie right ascension and declination of the north polo of 
the ecliptic ? 

Noth, — None of tlio above oxorcisos rotpiiro any calculation lioyond a 'simple 
addilioii or subtraction. 

21, What are tlio longitude and declination of the sun when its right 
ascension is 8 hours ? 

( Long. = 47° 27' cr. 
"IDoo. =17°03'08". 

Noth, — This requires Uio .solution of the spliorloal right angle triangle, ia wlilch 
the base is tlm given a (=‘16°), tlio angle adjacent is « (23° 27'), and tlio parts to bo 
fnniid are the liyputenuso \ and tlio other log opposite e, wliich Is 6, 
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ASTRONOMICAL INSTRUMENTS 

Telescopes, and llieir Accessories and Momitings—Tliiickoopors and (Jlirtmographs 
— The Tiansit-Instrnment — The Primo Vertical Inslriunont — 'J'lio Almucnutar 
— Tlio Merldlaii-Cirolo and Universal Instrunieiil, — Tiio Jlieronietci' — Tliu 
Ilollomotoi' — The Sextant 


39, Aslrononiical observations arc of various kinds ; some- 
times we desire to ascertain the apparent distance bolwoon two 
bodies; sometimes the position which the body occupies at a 
given time, or the time at which it arrives at a given circle oE 
the sky, — usually the meridian, Sometimes wo wish merely 
to examine its surface, to measure its light, or to investigate 
its spectrum; and for all these purposes special instrumonte 
have been devised. We propose in this chapter to describe a 
few of the most important at present in use. 

40, Telescopes in General. — Telescopes arc of two kinds, 
refracting and reflecting. The former wore first inveniod 
and are much more used, but tiie largest instruments which 

PiuKiftmenui Imvo ever been made a-re reflectors. In both the fundamontal 
ihoToioKcopo identical. The largo lens, or mirror, — the “ object- 

ive” of the insti’ument — forms at its focus a “real” imago 
of the object looked at, and this image is then examined 
and magnified by the eyepiece, which in pniiiciplo is only a 
magnifying-glass, 

Essential 41, The Simple Refracting Telescope. — This consists esson- 
lUeToa^ct! shown in Fig. 12, of two convex lenses, ono the object- 
ing toio- glass A, of large size and long focus ; tlie other, tlio oyepioco 

scope. short focus ; the two being set at a distance nearly equal to 

the sum of their focal lengths. Rec allin cr tlio oniical nrincii)loB 
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of: the formiation of images by lenses, ^ -wo sciO that if the 
instrument is pointed toward the moon, ;for instanee, all tiio 
rays tliat strike tlie object-glass from the top of Ihc object will 
come to a focus at rt, while those from the bottom will come to 
a focjus at />, and similarly with rays fi’om otlier points on the 
surface of the moon. AVo shall therefore get in the “ focal lami 
plane” of the object-glass a small inverted “real” imag(} of the 
moon, so that if a photographie plate is inserted in the ;0()cal 
plane at ah and properly exposed, wo shall get a picture of the 
object. 

The size of tlie picture will depend upon the a[)paront SizoofUio 
angular diameter of the object and the distance of the imago 
• ah from the object-glass, and is dotermiuod by the condition 


A / ... 



/f 
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that, as sem frovi point 0 (the optical center of the ohjecjt-ghiss), 
the object and its image subtend equal angles^ since rays which 
pass- through the point 0 sivfTcr no sensible deviation. 

If the focal length o.f tliu Icdh A is 10 fm;!:, then the iiniig(t of the itiooii 
;forin(!(l hy it will appoav, when viewed fi’om a dlstjinco of 10 fiail, jiiKt iia 
large n» Ihe moon ilaidf ; from a dia'taneo of 1 foot, the imago will, of 
cont’HO, appear ton tim((s as large. 

With .such an object-ghiHS, llntrefore, even without an eyepiece, one 
can aeo the momituina of the moon and HatoUites of tTiipitor hy Biinply 
putting the (iyo in the lino of the rays, at a distance of 10 or 12 inches 
hack of the eyepiece liole, the eyepiece iUstslf liaviiig been, of oonrse, 
removed, 

1 In this explanation wo use the approximate theory of lenses (In which 
their thickness is noglcctod), ns given in the olcmoiilary text-books. The more 
exact theory would require some slight niodiflcation In stateinonls, but none of 
substantial importance. 
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42, Magnifying Power, — II wo uyo tho naked oye, ono 
cannot, unless near-sighted, see the imago dislinotly from a 
distance much less than 10 inohes ; but if wo use a magnifying- 
lens of 1-inch focus, we can view it from a distance of only 
an inch, and it will look coiTcspondingly larger. Without 
stopping to demonstrate tho principle, the magnif 3 dng power iu 
simply equal to the quotient obtained by dividiny theJoGal length 
of the ohject-yUm by that of the eyedem ; or, as a formula, 

Foi'inula foi' 

thomngm- M — lt'lf\ that is, Orf/ccH 11 tlic figure, 

fylng powoi'. 

If, for example, tho focal length of the object-glass be 4 foot 
and that of the eye-lens one quarter of an inch, then 

il/== 48 -s- = 4 X 48 = 192. 

A miignifyiiig power of tm/Zy, howovor, is oricii spoken of as “ no magni- 
fying power at all,” since the imago appears of tho same siw! as tho 

Tlie magnifying power of tho telescope is changed at pleasuvo hy sim])ly 
changing the eyepieco (see Sec. 47). 

ijght-gath- ^3. Light-Gathering Power of the Telescope and Brightness 
oHng power of the Image, — This depends not upon the focal length of tho 
tothrsqaaro object-glass, but Upon its diameter; or, more strictly, its area, 
of thodiani- If wc estimate the diameter of tho pupil of tho eye at one fifth 
objcoUgliuis (neglecting the loss in transmission through 

the lenses) a telesoope 1 inch in diameter collcchs into tho 
image of a star twenty-five times as mucli liglit as tho naked 
eye receives; and tho great Yerkea telescope of 40 inch oh 
in diameter gathers 40000 times as much, or about 85000 
after allowing for the losses. The amount of light oolloctod is 
proportional to the square of tho diameter of the object-glass. 

The apparent brightness of an object which, like tho moon or 
a planet, shows a disk, is not, however, increased in any siudi 
ratio, because the ligiit gathered by the object-glass is spread 
out by the magnifying power of the eyepiece. In fact, it can bo 
demonstrated that no optical arrangement whatever can show 
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an extended surface brighter than it appears to the naked eye. 
Biifc tlie total C[uaiitity of light in the image of the objec t greatly 
exceeds that which is available for vision with the naked eye, 
and objects which, like the stars, are mere luminous points, 
have their brightness immensely inoreaseci, so that with the tele- 
scope millions otherwise invisible are brought to light. With the 
telescope, also, the brighter stars are easily seen in the daytime. 

44. The Achromatic Telescope. — A single lens cannot bring 
the rays whieh ciminate from a single point in the object to any 
exact focus, since tlio rays of different color (wave-length) are 
differently refracted, the blue more than the green, and this 
more than tlie rod. In consequence of this so-called “ chromatic 
aberration,’’ the simple refract- 
ing telescope i.s a very poor 
instrument.^ 

About 1760 it was discov- 
ered in England that by making 
the object-glass of two or more 
lenses of different kinds of glass the chromatic aberration can 
bo nearly corrected. Object-glasses so made — no others are 
now in common use ■ — are called aGlmmatiCf and. they fulfil 
with reasonable approximation, though not perfectly, the oon- 
dition of distinctness ; namely, tliat the. rays which emanate 
from any single point in the object should be collected to a 
single point in the image. In practioe, onlj^ two lenses are 
ordinarily used in the construction of an astronomical object- 
glasst — -a convex of crown-glass, and a concave of flint-glass, 
the curves of the two leiivses and tlie distances between them 
being so chosen as to give the best possible correction of the 
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^ I^y making tlio tolescopo oxlvoinoly long In proportion to Its iliainotor, tlio 
dlfithiotnoss of tim imago la considorably improved, and in tlio middle of Uie 
sovcnteoiith century Instrumoiits nioro limn 200 feet In lengtli wero used liy 
Oasslnl and othors. jSatum’s rings and sovoval of Ids satollilos woi'o discovered 
by-IIuyghcns and Caflsiiu with Instrinnonls of lids Icind, 
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spliorical abomition as well as of ilio chromatic. lAluJiy 
o[ object-glass arc inaclo, three of which arc shown in 

45. Secondary Spectrum. — Jt is not possible to a 

perfect correction of color with tlio onlykinds of 

were available n ntil very recently. O nlinary acl u-oni a i i o 
even the best of them, show around every bright objeiih n 
purple halo, due to red and blue rays wliicli are both 
to a focus further from the object-glass than are the yoHoxv inid 
green. I'liis halo seriously injures tlie definition and it 

dilfioiilt to see small stars very near a bright one. It is Kpc^billy 
obnoxious in largo instruments. 

Aluch is hoped from the new varieties of glass now bc'iiig 
made at Jena in (lormany. Several telescopes of 
size have already been constructed, of which the loii*5Xsa ixiU 
practically aplanatio; tliat is, sensibly free from botli 
and cliromatic aberration. Possibly a llo^y era in toloaoopo 
making is opening with tlie new contuiy. 

46, Diffraction and Spurious Disks, — Even if a lourt wortt 
absolutely perfect as regards the correction of 

it would .still bo unable to fulfil strictly the contlittoii ot 
distinctness. 

Since light consists of waves of hnito length, the iiniij:; 5 CJ of ft 
lumiuous point can never bo also a point, but ifeooKHtii’ily% , 
account of ‘‘ diffraction,’* consists of a central disk o£ fiiiilo P 
diameter, surrounded by a series of “interference” riiif^H i niwtl.,,; 
the image of a line is a streak and not a Hue, Tlu) Lliivitiotor ; 
of the “spurious disk” of a star, as it is called, varies 
ivith the diameter of the ohjeet-ghm ; the larger the tolosKSoxio* ill© i 
smaller the image of a star with a given magnifying po'woi% 

With a good 4^-inch telescope and a power of about X SO, 
image of a small star, when the air is perfectly steady (whieiK,' 
unfortunately seldom happens), is a clean, round disk, about- If 
in diameter, with a bright ring around it, .separated from 
disk by a dark space about as wide as the disk. Witli tv O-iiMsU 
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iiisfcmmeiit the disk hus u dimneter of 0''. 5, -—just half as great j 
with the Yei'kes telescope, about The angular diameter 

of a star disk in a telescope the aperture of which is a inches 
is, therefore, given by the following formula, due to Dawes : 



If the magnifying j^ower is too great (more than about sixty 
to the ineh of aperture), the disk of a star will become ill-defined 
at the edge ; so that there is very little use with moat objects in 
pushing the magnif 3 ''ing power any higher. 

This effect of “diffraction” has much to do with the supe- 
riority of large instruments in showing minute details; no 
increase of magnifying power on a small telescope can exhibit 
the object as sharply as the .same power on a large one, pro- 
vided, of course, that tlie objeeb-glasses aro equally good in work- 
manship and that the atmospheric conditions are satisfactory. 
(But a given amount of atnmplieriG disLurhaiiee injiires the per- 
formanoe of a large tele&oope muofi more than that of a miall one.) 

47. Eyepieces, or “ Ocularsd’ — F or some purposes the simple 
convex lens is the best eyepiece possible; but it, performs well 
only for a small object, like a close double star, exactly in the 
center of tlio field of view. (Tcuerally, tliereforo, ive employ 
oj-cpieoes composed of two or more lenses, which give a larger 
field of view than a single lens and define fairly well over tlio 
whole extent of tlie field. They fall into two general classes, 
the positwe and the negative, 

The^JosiiiVfi eyepieces are much more generally useful. They 
act as simple magnifjdng-glasses and can he taken out of the 
telescope and used as hand magnifiers if desired, '^I'ho image of 
the object formed by the ohjoct-glnss lies ouUide of this kind 
of eyepiece, between it and the object-glass. 

In the negative eyepieces, on the other hand, the rays from 
the object are intercepted by the so-called “field lens” before 
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reaching the focus, aiul iho iniugni is fornK-tl iiM Uio oyo- 
picGo. It caniiol tlioroforo bo iisod us a liand niaguilior. 

Fig. 14 shows tho two most usual forms of oyopioco, and 
also the “solid oyopioou" cion.sti’uidod by SUiinhoil; lull there 
are a mnlUtiulc of various kinds. All tlujso oytipicous show 
tho object inverted, whicli is of no im])orlan(!(i in astronomical 
observations. 

Stchihell 

a^idtvc) 



Fio. 14. — Viu'inuR VormH »E 'roloHoopo 


It is evident that in an aohunnatie tnlt'seojin tlie (tlijiMd-n'lsHs is hy far 
tho most important and oxponsivo inomlior of tlm inHl.rmmMit, it costs, 
according to size, from iflOO up to li^hnooo, while tlm (tyopicnos cost only 
from $2 to !&25 apiece, and every telescope of any iirtdenHion itosac.s8e8 a 
considerable stock, of various magnifying powers. 

,48. Reticle, — If the toloscopo is to be used for pointing 
Thoretloio, upon an object, it must bo provided with a “rotiole** of some 
sort. The simplest is a frame with two sitider-liuos strolcltod 
across it at right angles to each other, lluiir iiitersooLiim hoiiig 
the point of reference, 'riiis rolielo la placed, not at or near 
the object-glass, as often supposed, but in the. J'oual na 
ah in Fig, 12 (See. 41). Of courHO, po.sitivo eyepiucoa only can 
be used in connection with such a rolHslc, though in Hoxlanl 
telescopes a negativo eyepiece is Homotimos uaed with a pair 
of cross-wires placed botwccii tlio two lenseH of the cyopicoQt 
Sometimes a glass plate with fino linc.a ruUnl upon it is used 
instead of spider-linos. In order to malcu the linen of the 
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I’oUde viyil at night, a faint light is rejected into the instru- 
nunit hy yomu ono of varioiiH arrangements devised for the 
purpose. 

49, The Reflecting Tele$cope. — About 1670, wlieii the ohro- Xhoroflo&t- 
luntio ahuri’ntion of refractors first came to he understood (in 
(joiisoquonce of Newton’s discovery of tiie decoinposition of 
liglit), tlio I'ollecting telescope was invented. For nearly one 
Imndi'od and- years it held its place as the chief instru- 
ment for Htar-gazing. There are several varieties, differing in 
the way in which the image formed by the mirror is brought 
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within r(}iUili of tlio magnifying eyepiece. Fig. 16 illustrates 
three of the most {sommoii forms. Tlie Newtonian is most Various 
used, hut one or two largo instruments are of the Cassegrainian ‘® 

form, wliieb is oxuetly lib'c tho fTregorian sliown in the figure 
(now almo.st obsolete), with tho oxooption that tlie small mirror 
is e.onvex iJi.sbsid of (soneavii, 

In the irorscluainu, or “front vieiv” form, the large mirror 
is .slightly imdiued, throwing the rays to tho edge of the open 
end of the tube, so that tho seciondary mirror is dispensed with, 
and tlm observer stands with his hack to the ohjeot. This is 
prneticahlo only with very largo instruments, since the head 
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of Uie ol)sci'ver partly obslruoLs the light; the imago alao is 
somewhat distorted, and at present this Goiisti'iiotioii is novor 
used. 

Until about 1870, the large mirror (toehuieally apeaidum) 
was always made of speoulum-meial, a uompositiou of copper 
and tin. It is now usually made of glass, silvered on the front 
surface by a chemical process. When new, those silvered lUnia 
reflect much move light than the old speculum-mo lal ; they tar- 
nish rather easily, but fortmiately can be easily renewed. 

60, Relative Advantages of Reflectors and Refractors. — 'I'horo 
is inucli earnest discussion on this point, each form of instru- 
ment having its earnest partisans. On the whole, howovov, 
the refractor is usually bettor, Up to a certain limit, never 
yet reached, it gives more light than a reflector of tlio .sanui 
sixe, defines belter under all ordinary conditions, has a wiiler 
held of view, is more manageable and convenient, and imiro 
permanent; the speculnin of a reflector usually needs to bo 
rcsilvered every lew yeans, while a carefully used olijoct-ghiHS 
never deteriorates. 

The reflector is of course far less expensive than a rofnudor 
of the same size, and its absohite aohromutism is a great advan- 
tage in certain lines of work, photographic and spoetr<)Ke()[>ic. 

For a fulloi' discussion of the maltcr, see General Aslrononu/, 

51. l.arge Telescopes. — The largcsL refvacloi’a^ at pn'soiit (UlOl) uxihI- 
hig avo thoso of Iho Yerkes Observatory (10 iiiolii's in lUuiiiclur and UH 
Icot long), and Iho telescope of tho Lick' Olispi’vatoi'y, whicli hus tin 
Eipcrtuvft of SO inches and a fooal length of 5(] feet. 'I'liero arc iihnlit 
fom'teon others which have apertures not less Llum ‘2 feed. 'I’Iks (djjcot. 
lenses of more than lialf of these instruments, iueliuliiig both i»f the 
largest, were made (that is, ground ami figured) in this country hy l)i«’ 
Clarks of Cambridgeporb. 'L'lio glass itself ■was made by various flriiia 
in liurope, 

1 No account is taken in this reckoning of tho great d8-ln(!h tolcsoopo of tho 
Paris Exposition. It Is not certain as yet how it will turn out from a» iwln»- 
nomical point of view. 
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Tlio frontispiccH is fc]i« great Potsdam double telescope, ~ two moanted 
together, — one 31 1 inches in diameter for i»hotography, the other 20 inches 
in cliamotci' for visual observations ; the focal length of botli is about 43 
feet. It \vtis Greeted in 1890. 

At tho head of the renectors stands the enormous instrument of Lord 
Rosso of Birr Castle, 0 feet in diameter and 60 feet long, made in 
184-2, and still used occasionally. Next in she, but probably superior 
in power, conies the 5-foot silver-on-glass reflector of Mr. Common, at 
lOaling, England, completed in 1889 ; and then follow a number (four or 
five) of 4-foot telescopes, — that of Ilorschel (erected in 1789, but long 
ago disinantlod) being tla^ first, while tho 
instrument at Baris i.s the only one of this 
size now in active u.se. 

In this country the only large reflector 
actually at work is tho 3-foot instrument at 
tho Lick Observatory (made by Mr. Common 
and prc.HGiitcd to tho obscri''atory by Mr. 

Crossley), with whicli Keeler mad<3 his won- 
derful photographs of iiobulrc, some of which 
are figured in the last chapter of this book, 

Another of 2-fe(it nperturc has just been 
mounted at the YorkiiH Obsmn'atory. 

52. Mounting of a Telescope. — A 
toleHcope^ liowGYor excellent O2)tioally, 
is of little soientifio use unless livnily 
and ooiivonieiitly jnounted.^ 

At present nearly all but small 
portable instruments are mounted as JEquatoriah, Fig. 16 rep- 
resents tlio arrange me lit scliematioally. Its essential feature is 
that the “ principal axivS ” — tho one which moves in fixed bear- 
ing's attaohed to tho pier and is called tho i)olar axis — is inclined 
so as to point towards tho celestial pole. The graduated circle 
If. attached to it is tliorofore parallel to the celestial equator, 

^ Wo may add that it must bo mounted where it can be pointed directly at 
tho stars, ^mlhont anv inlermiing windoio-glaas between it and the object. We 
have known purclmsors of telescopes to complain bitterly because their instm- 
monls would not show Saturn well through a closed window, 
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and is usxiaUy called ilio lioui'-cirole o£ tlic iiiRlruiuonl, — 
somoUmes Lho riffht-ascension cirde. At tlio upper oxtronut}'’ 
ol the polar axis a sleeve is fastened, 'whieU earrios the 
(IgcUu alien axis J} passing through it. To one end of this 
declination axis is attached tho telescope tube 7', and at Lho 
otlier end the declination circle C', and a oounLorpoiso if 
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necessary. 

63. The advantages of the equatorial mounting are very 
great. In the first place, Avhen tho telescope is once pointed 
upon an object it is not necessary to turn tho declination 
axis at all in order to keep the object in view, hut only to 
turn the ^olar axis with a perfectly uniform motion, which 
can be, and usually is, given by oloclmorlc (not sliowu in the 
figure). 

In the next place, it is very easy to find an ohjoot, oven if 
invisible to the eye (like a faint coniot, or a star in the day- 
time), provided we know its right ascension and doolination 
and have the sidereal time, — a sidereal dook or ohronomeler 
being an indispensable acoessorg of the equatorial. Wo sot 
the declination oirclo hy its vernier to the declination of tho 
object and then turn the polar axis until tho hour-circle sliowH 
tho proper hour angle, which is simply the difference between 
the right ascension of the olijoet and the sidereal time at tlio 
moment. When the telescope has been so sot tho object wilh 
be found in the field of view, provided a loio-power eyepieoe is 
med. On account of refraction the setting docs not direct 
the instrument precisely to the apparent place of the object, 
but only very near it. 

The equatorial does not give very accurato positions of 
heavenly bodies by means of tlie direct readings of its circles, 
but it can be used as explained later in Sec. liY to detormino 


gi'eat precision the difference between tho position of a 
known star and that of a comet or planet ; and this answers 


the purpose as well as a direct determination. 
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Tim Iron tiapiooo sliows tlics equatorial mounting ol the groat Potsdam tol- 
oscopo, Pig. 17il (See, f):!!)} roprosonts anotliov form of equatorial mounting, 
adopted for several of tim instruments of the pliotographic campaign. Lord 
Ko.s8t!*3 great reflector is not jnoiinted oquatbrially, nor was Herschel’a 4-foot 
reflector, but nearly all the other reflectors I'of erred to above are equatorials. 


64. Other Mountings, — With very large telescopes this 
mounting becomes itmvioldy, notwithstanding the ingenious 
electrical and other arrangements by wliich the observer at 



Fio. 17. — Tlio Equatorial Ooiirltf. 


tlio eyepiece is enabled to control its motions. The enor- 
mous rotating dom(5 — that of the Yorkes Observatory is 90 
feet ill diameter — and the requisite olovabing floor are also 
extremely expensive, so that at present there is among astron- 
omers a tendon ey to adopt plans by which the telescope may 
be fixed in its position, while tlie light is brought to the eye- 
piece by one or more roHoctions from plane mirrors. 

Pig, 17 vijpvasiinlift Iho smallov cquatorUd coudd^ or “elbowed oquato- 
riul," nf Iho Paris Obsnrvatory. A silvered juirror at an aiiglo of 46° in 
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Lho box ill front of tho objcobgliiHS, iind ivnoLlutr ouo in Uio oube at Uw 
conlor of tho inHlriinu'nt., olfoot llio noiH'HHiivy csliaiitrcs in tins ilircoUou of tho 
my. n'lui obsorvoi’ Hi Is moUonkiHH, uinlov cover, iiL Uic cyopioeo, looking 
(lowiiwai’d to lY lire) a Llio sou Lb, ill an iinglo ocuuil to Uic hUltudc, of Uio place. 
A much larger, Kimilar inHlrniiKinl, Mince inounUid iiL tliiiBumc oliw'rvalorjv 
luiH an aiHirUirn of 12 1 inolii'H lunl a focal Icnglli of about (iO feet. or 

fimv iiisU-mncnlH of lliiw aorl are now in use, 

Aiiullier avrangmnimt is to jihuai lias telescope hovivion tally, pointing 
towards Uin south, and to dinail, lho light from th<‘ object inlo it by 
roflection from the inii'vor of a sn-called uhlmmfitt, 'I'liis is a Hhiiplo 
jilaiio mirror Uivgor (ihiiu Lho object-glass, projierly nionntisl and driven 
by clock work so ns to send the ri'llecteil rays horizontally always in llio 
same dircolioii, and imving eonneetions hy whicli Us nioLlons can bo con* 
trolled from the nyo ond of tlie telescope, 'rite great telescope of tho Paris 
ICxpoailion of ll>n(l was arranged in this way. 

Tho mhalnt is a slightly (lifferent arrangement, in wliielt the t>l(ino 
mirror, mountod upon a juilar axis, revolves at half tho diurnal rate, nml 
tho telescope, w'hlle retninijig one fixed posil'ion for a hotly in a given 
declination, has to oliangti its posilitai to obst'rve bmlies in a difTweiit 
doolination, 'J'lusro are still other forms in wliieli a large refieelor is used 
to givo the rays a convenient direcLion. 

But Lho use of lho inirroi' nr mirrors involves eonsideralile Itmsof liglitj 
and what is worse, if tho mirror is large iL is extremely dillumlt to fignro 
the surface wllli the requisite accuracy, and to pri'vtqit slight dis tortious 
by variations of tinnperalnve ami clmnges of iiosititm. As a eonaecpionce, 
defliiition is aebloni ns satisfiiolmy as with teleseopes ])ninted directly lo 
tho lioavcns ; still, in certain oiHU’iUions of astronomical photography, lho 
slderostat and cinloslat aro extremely useful. 


65, Timekeepers and Recorders. — Ohvlotisly a good cloak 
Of oliroiioinoloi' \h an ossoiitial iiiKlrnmoiit of tlio observatory, 
impni'iimro ''I'bo invontlon of tho pondulum clock liy fhiyglioim in 165T 
giiona’^' almost as imimi'tant to the advtmc.cnKnil ot astronomy as 

iiiYontion that of tiia tolescopo by Giililoo ; and the iniprovcnient of the 
oitiio clock and ohronometor through the iuAainUou of ttnnporaturo 

ponauiuin , . . , ,, , . i 

clocsic. coniponsfttion by Tiavnaon and (1 nil nun in tho eighteen In con« 
tmy is fully ooiniiarnblo with tho inipvovenieiit of tho tolosoope 
by tho aohromatio objooUglass. 
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The astronomical clock differs from any other clocic onlj'' in 
being made with extreme care and. in liaving a pendnlinn so 
construoted that its rate will not be sensibly affected by 
changes of temperature. The mercurial i:)en- 
dulum is most common, but other forms are 
also used. (See Fig. 18.) 

Tlie pendulum usually beats seconds (rarely 
lialf sccond.s), and the clock face ordinarily has 
its second-hand, minute-hand, and hour-hand 
each moving on a separate center, the hour- 
hand making its revolution not in twelve 
hours, as in an ordinary clock, but in twenty- 
four, the hours being numl)ered accordingly. 

In ca.sos whore tho extremes t accuracy of 
performance is required, the clock is placed 
in an underground (jli amber, vdiero tho tem- 
pera tnre varies only slightly or not at all, and 
is besides inclosed in an air-tight ease, within 
whicli tho air is kept at a uniform pressure, 
since changes in the density of tho air slightly 
affect tho swing of tho pendidum. Usually a 
clock loses about one quarter of a second a 

day for a rise of one inch in the barometer. 

, ,, , . , , , . Compoiisation Uon- 

Binally, also, the astronomical clock is usu- (IuIuhih 

ally fitted with some arrangeniont for making oniimm’H poiuiiiiuiu 

_ ... , ” 2. Zinc-Stool I’oiuliihim 

or breaking an electric circuit at every second or 
every other second, so that its heats can bo communicated tele- 
graphically to all parts of the observatory, '’.fho miniito is usually 
marked either by tho omission of a second or by a double tick, 
66. Error and Rate. — Tlie error ov correction of a clock is the 
amount xcldch must he added {algchraioally) to its face indication 
to give the true time; -f-wheii slow, — wlion fast. Tho rate is 
tlio amount it loses .or gains daily; -i-when losing, — when 
gaining. Sometimes tlie hourly rate is given instead of tho 
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daily. The mvr la adjusted by simply selling the hands ; the 
rate by raising or lowering llio pendulum Imb, or for dolicalo 
fmal adjustmeul without slopping the clock, by adding or 
removing small pieces oC molul on the cover of the cylindrical 
vessel which usually constitutes the pendulum bol). 

Perfection in an astronomical clock oonsi.sts in its inaiutaiiv 
ing a GOiisUint raie^ i.e.^ iii gaining or losing precisely the same 
amount each day; for couvenieuco the rale should be small, 
and is xisually kept less than half a second daily. But this is 
a mere iimltor of adjustment. 

57. The Chronometer. — The pendulum clock not being port- 
able, it is necessary to provide timekeepers that are so. 'I'ho 
chronometer is merely a carefully ma<lo AvaUdi witli a balance- 
wheel compensated to run, as nearly as possibli', at the same 
rate in different temperatures, and with a peculiar escnipcment, 
which, Ihongli nnsuited to ordinary usage, gives better re.sult8 
Uian any other when treated carefully. 

'Plio box chronometer used on shipboard is usually about 
twice the diameter of a oommou pocket waUdi, and i.s moiinlcd 
on “gimbals” so as to remain liorizontal at all times, notwith- 
standing tlio motion of the vessel. H usually beats half seconds. 

It is not possible to sooiiro in the chronometer balnnco a« 
perfect a teiuporaturo correction as in the pondidum, and for 
this and other reasons the best chronomelorH c.aunot (luito com- 
])eio with the best clocks in precision; hut they are siinicioiiUy 
accurate for most purposes, and of oour.sii are vastly more con- 
voniont for field operations, while at sea tliey are siinjdy indis- 
pon.snble. JVever iwn the hmids of a chronometer haohward ; ft 
may ruin the escapement, 

68, Eye-and-Ear Method of Observation.^ — '^Pho old-fnshionod 
niotliod of time observation consisted simply in noting by **oyo 
und oar” the moment (in seconds and tentbs of a second) when 
the phonoinenoii occurred ; as, for instance, when a star pa«80i:| 
some wire of the roticlo. The tenths, of course, are inorely 
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estimated, but tlio skilful observer seldom errs by a wliolc 
tenth in liis estimation. Skill and accuracy in tliis motliod are 
acquired only by long practice. 

59, Telegraphic Method ; the Chronograph, — At present 
such observations are usually made by the help of olectricity. 
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The clock is so arranged that at every heat (or every other 
beat) of the peudulum au electric cii'cuit is made or broken 
for an instant, and this causes a sudden sideways jerk in the 
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armatiu’e of an electromagnet, like that of a telegraph sounder. 
I'liis armature carries a fouiitaii>pen, wltioli writes upon a 
sheet of paper wrapped around a cylinder six or seven inches 
in diameter, which cylinder itself is turned uniformly by clock- 
work once a minute ] at the same time the pen carriage is drawn 
slowly along, so that the marks on the i)aper form a continuous 
helix, graduated into second or two-sccond s])aees by the clock 
boats. When taken from the cylinder, the paper presents the 
appearance of an ordinary page cro.ssod by parallel linos spaced 
off into twonsecond lengths, as shown in Fig. 19, which is part 
of an actual record. 

Fig. 20 represents a chronograph of tho usual American form. 

The observer, at the moment when a star crosses tho wire, 
presses a “ key ” which he holds in his hand, and thu.s inloi- 
polates a mark of his own among tho clock beats on tho shoot; 
as, for instance, at X and T in tho figure. Since tho beginning 
of each minute is indicated on tho shoot in some way by tho 
mcohanism which produces the clock beats, it is very easy Lo 
road tho timo of X and Y by applying a snil-ablo scale, tho 
bogiiining of the mark made by tho key being the moment of 
observation. 

In llio figure th<» initial mimito marked when thci chvonograpli wiia 
started ImppoiiL'd to bo the zero in tlm case of this clook being 

indicated by a double beat. 'I’Im! signal at A', tbevofnrc, was made at 
0ii])5in{>59^l5^ and tliat of F at 0**<10>''r)8®.0:i. 'I’ho “rattle” just pre* 
coding X "was tho sigiiid that a star was apjn'onohing the transit wire. 

In Kuropoan ob.'KU'vatorios tho record ia aanally made by a more siiiiplo 
hut loss eoiivoniout npiiavatn.s upon a long fillet or ribbon of paper drawn 
slowly along. At a few observalovios in this country a move coinplioatod 
printing chronograph^ invented by Professor TTongb of the Dearborn Obsorva- 
lory, is used. By this tho minutes, seconds, and liiindn'dlb.s of a second 
arc actually printed upon tho fillet in tyiic, like tlm record of sales on a 
slock telegraph. 

60. Meridian Observations. — A largo proportion of all natro- 
nomical obsorvalions for determining the positions of the 
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heavenly bodies are made when the body is crossing the meridian 
dr is very near it. At that time the effects of refraction and 
parallax (to be discussed later) are a minimum, and as they act 
only vertically they do not affect the time Avhen a body crosses 
the meridian nor, consequently, its observed right ascension. 
In any other part of the sky both these coordinates are affected, 
and the calculation of the correction requires the computation of 
the “parallactic angle’’ in the astronomical triangle (Sec. 81). 

61. The transit-instrument is the instrument used in connec- 
tion with a sidereal clock or chronometer, and often with a 
clironograph, to observe the time 
of a star’s tramity or passage across 
the meridian. If the “ error ” of 
the sidereal clock at the moment 
is known and allowed for, the 
Gorrected time of the observation 
xoill he the right aseension of the 
star (Sec. 26). 

Vice versuy if the right ascen- 
sion is known, the error of the 
oloch will be the difference be- 
tween the right ascension of the 
object and the time observed. xi-io. 21 .-TI 10 

The instrument (Fig. 21) con- 
sists essentially of a telescope carrying at the eye end a reticle 
and- mounted on a stiH axis that turns in V-shaped bearings 
called “Y’s,” which can have tlieir position adjusted so as to 
make the axis exactly perpendicular to tho meridian, A 
delicate spirit-level, which can be placed upon tlie pivots of 
the axis to measure any slight deviation from horizontality, 
is an essential accessory 5 and it is practically necessary to 
have a small graduated circle attached to the instrument, 
in order to set it at the proper elevation for the star which is 
to bo observed. 
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It is dosimblu, also, that ilic instrununit should have a 
rovorsing apparatus l)y which the axis may ho easily lifted and 
safely reversed in the Y's without jar or shoc-k. 

Tlio reticle usually contains from five to fifUuJU “vortical 
wires” oi'ossod hy two iiori'/oidal ones, l^hg, 22 shows the 
rotiolo of a small transit intended for ol)sorvations hy “eye 
and ear,” When the chronograph is to ho used, LIkj wires are 
niucli more nunioi’cms and jdaucid nearer togulhor. 


la (inlcr to nmUii Uio win's vi,sU)lo at nij^liL tlu' lidil iinisli ha ilhuninal<'d. 
Fur lliia piivpoati mir of tlui pivots ot the* iiistriiinont is phawtl (soiai'- 
UinoK hoLh of tlumi), au tliat tlii) li^ht from a lainii Avill sliiiu! tlii’oujrli tin* 

jixia upon a ainall I'oliculor iilaocil in tlio ronlml 
ciiIk! of tlio iiiHLi'uiiu'nt, wlioro, tile axis ami Iho 
lubo ar(» joinod. 'I'liis sands sulticiciit light, 
towards Uu) liyo to illimiinalo tins liold, yliilu 
it docs not out off any uonsldurahlo portum of 
tho rays from tho olijoid.. 
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'Pho observation consists in noting 
the instant, as shown by the (dock or 
(dironoineter, in hours, iniimtes, hchjoiuIh, 
and tenths of a second, at which the 
star ci’OHHos (Mudi win! of the reticle. 


65i. M'lic instrument inust he thoroughly rigid, witliout any 
loose joints or slndciness, eapecialli} in Ihe mountiuif of (h: ohjeot- 
(jhm and roliclo, iMonsover, the two i)ivo(s should ho of Urn 
samu diiiniotoi', iiccuiutoly round, widiout taper, and in-ceisely 
in line with (uudi otluir ; in other words, tluiy must ho poHiom 
of enr ami the mine rfeoinetvioal oy Under, 'Po fulfil this oonditkm 
taxes tho highest skill of the meehauieian. 


When (!xaetly adjusted, lh(! middle Avivo of siieli an iiiaU’U* 
luont alioayfi prceinidy vohuddo^ ivi(h the meridian ^ howavor 
Uk! instrument may ho turned on its axis; and Iha sulerfsal 
lime ivhcn a star orosses that tvirc u therefore the star's riyhi 
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63. Adjustments of the Transit. — I'lieso aro four in iramber! 

(1) Tim roticlc must bo exactly in the Jofuil plane of tho 
object-glass and ibo middle wire acenmlely vertical, 

(2) The line of oollimaiion tho lino which joins the optical 
center of tho object-glass to the middle wire) must bo exactly 
perpendicular to the axis of rotation. This may bo tested by 
pointing on a distant mark and then reversing the instrument. 
Tho middle wire must still bisect tho mark after tho reversal. 
Tf not, tho reticle mnst bo adjusted by tho screws provided for 
tho purpose, 

(3) 'J'ho axis must be level. This adjustment is made mechan- 
ically by tho help of tho spirit-level. One of tho Y’s has a 
BOi’CW by which it can ho slightly raisod or lowered, as may bo 
necessary. 

(d) The azimuth of the axis must bo exactly OO'*; t.e., tlio 
axis must point exactly oast and west. 'Phis adjustment is 
made by means of star observations, with tho help of tho side- 
real clock. 

Without going into detail, wo may say that if tho iiistrumoiit 
is correctly adjusted, tho time occupied by a star near the polo, 
in passing from its transit across the luiddlo wire above Ibo 
polo to its next transit bolow tho polo, must bo exactly twelve 
sidereal hours. Moroovor, if two stars aro obsorvod, ono near 
the polo and another near tho efiuator, tho difforoneo between 
thoir times of transit ought to bo prooisely ccinal to their differ- 
once of right ascension, lly ntili/ung these principles the 
astronomor cnn dotormino tho error of azimuth adjustment and 
correct it. 

But it is to bo romoinbcred that no adjustmonts, however' 
oarofully made, will bo ahsoliiLoly exact or romain poi'inanently’ 
coiToot, on account of changes in temporaturo wliicli nlToct tho. 
instrumenb and tho pier on wliioh it is mounlcd, In oaaoa 
whero extreme acoiii'aoy of I’csults is required, tho slight oiTOif 
which remain after tho most uaroful adjustnumt must l)©i \ 
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determined from the observatioiifl themselves by means of tlio 
little discrepancies between the results obtained from stars at 
different distances from the pole. The methods to bo used are 
taught in practical astronomy. 

64, Personal Equation.' — It is found that shilled observers 
are in the habit of noting the passage of a star across the 
transit wire slightly too late or too early by an amount whioli 
is different for each observer, but nearly constant for each. 
This is called the observer’s personal egimiioni and in some 
oases for eye-and-ear observation is as much as half a second. 
In the telegraphic method it is much less, seldom exceeding 
0®.l. It is an extremely troublesome error, because it varies 
with the nature and brightness of the object and with the 
observer’s position and physical condition. 

Various doviccis have boon proposed for dealing ‘witli it ; either liy 
mensuriiig its ainount, or by eliminating it by moans of some ai)pai‘atu8 
wliiclj reduces tlio observation to the uccuvato bisection of the star disk, 
made to appear to he at rest by n ciockwork motion given to tlio eyepiece, 
and carrying with it a “ micrometer wire ” which is under tlio control of 
the ohsorvev. AVhen the biseotion is satisfactory lie touches a key whicli 
instantly stops the motion and registers tlio time upon the chronograph ; 
afterwards, at liis leisure, he measuros the distance of liis micrometer wire 
from the central wive of the reticle. Tii this way the disturbing effect of 
the star’s motion is eliminated. 

65. The Photochronograph, — Anotlier method, and one of the most 
promising, is by moans of pbotograpliy, 'I’lio eynjiicee of tlio transit is 
removed, and a small pbotograpliic plate, about as largo as a mioroscope 
slide, is placoil just back of tho rotiole, so arranged in tlio frame wliioh 
bolds it that it can move up and down slightly nnder the action of an 
electromagnet connected with the stnndavd-clook circuit. When a star 
impresses its “trail” on the plate, tlie trail is hrolceii every second (or 
every other second) hy tlid clock, like the marks on a clironograph shoot, 
so that it consists. of a row of small dnslies, The image of the rotiole 
wires is also imprinted upon tho plate hy holding a small lamp for an 
instant in front of tho object-glass. 

During tlie passage of tlio star some particular second is marked on 
tho plate by cutting off tlie clock circuit for two or three seconds, or by 
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iiiakiiij^ a raltli', allowing llio Ix'ixts lo roHiimo Ibi'ir regular oouvao at soino 
iiiwtiiul Toooi’dofl in L]i(> noU‘->l)ot)k, Al’li'i* tlio plato is ilcvolopud, its inapeu- 
lioti iiinl moasiii’oinonl nnd(>r ii niici'o.scnjM: will show at what second and 
frai'Uon ijf a scooimI tlu! slav passi'd (‘iich ri>(.it!l(! wive. Hut Llii.s laivLof Iho 
opm'iilioii is liil)i)vLnii.s. On the oHmu' hand, I ho oxju'iiHivo and troiildeHOino 
clivniiojri'iiph is <li spoused with. 

66, The Prime Vertical Instrument. — Por (icrlaiu inirposes 
iL truiiHit-iii.sLi'niiK'iit, Frovulod Avitli an iippa rains for mpid. 
revoi'sal, is In mod qnarlor way round and mounted with its 
axis noTih and aoulh, so ilia I ilio piano of rotation lies east and 
wosl instead of in the meridian. It is ilion called the “prime 
vertical inslruiuont.” It may be used lor determining Uio lati- 
tude (j£ the observer, llic precise dccli nation of such stars as 
cross tlie meridian between the zenitb and ccpiator, an<l any 
miiiuto chaiig'c} due to “aberration” and to slight movements 
of the lerreslrial pole. (See See. 94.) 

'.I'be observiition consists in noting the instant when the star 
0 ) ‘OHS os (obliquely) tlie middle wire of the retiide. 

67, The Almiicantar. — 'I'liis is an instrument invented about 
1885 by Dr. S. (!. Chandler of Cambridge, II. S., Cor the pur- 
])Ose of observing the time at wliuib stars cross, not tho meridian 
or any vortical circle, hut some given paralhi of aUituda^ usually 
the “ almuciiiilar ” of tlie ))ole. From such oliserviitions oiin bo 
doUirmined with great iieeuraoy the error of the oloclc, tins dcoU- 
naiion of the stars observed, or the latitude of the observer. 

It eonsists of a linn base carrying a tank containing inoruni'y, 
on which swims a float wliicb carries tlui observing lolo.scopo, 
its inclination being preserved absobitcly constant by the prin- 
oiplo of flotation. I'liis dispenses with the nocessity of nsiiig 
spirit-lovols (whiob are always more or loss nnsatisfaotory) for 
doLovininlng the inclination. 

4 'ho U'lesoopt* Ik soiiinliiiuss ^ilacod horizontally on the lloat, while u nnrrdi' 
ill I’voiiL of itrt ohjeet-glnss brings down the rays of the star. 'I'wo snoli 
hisinuuentH of coiiflidoraldo size have been built siiico 1800 and give prom- 
ising rosulLs, — cuie at (Jamhridge, Mngland, the other at {ilevohnid, Ohio. 
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68. The Meridian-Circle. — This in a transit-instrument of 
large size and most careful construction, with the addition of a 
large graduated oirole attacked to the axh and turning with it. 



Fig, 2'k-- McriiHaii-Oli'olo in Unitoil Stivtos Naval Gbsoi’vaiory, Wasliingtou 
IJy AVaviioi' Hi .Swnsoy 

The utmost resources of mochaiiieal art are expended in gradu- 
ating this circle with precision, The divisions are now lusually 
made either two minutes or live minutes of arc, and the farther 
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subdivision is effected by so-called “ixiading microscopes/* 
four of which at least are always used in the case of a largo 
instrument. (For a description of the reading microscojje, llie 
reader is referred to General Astronomy^ Art. 04, or to Camp- 
boll’s JPraetical Astrono7ny.) liy means of these microscopes 
tlie “reading of the circle” is made in degrees, minutes, sec- 
onds, and tentlis of a second of are, tlie tenths being obtained 
b}'^ estiinalion. 

On a circln 2 feet in dimncloi’ 1" of arc is only about Tvlao pert of 
an inch ; an error of that amount ia now very sobloin made l>y ropnlablo 
constructor.s in placing a graduation line, or liy a good obaerver in retuling 
the instrument witli the microscope. 

Pig. 21 I'pprosenta the new meridian-circhi of tin; ITnilcd States Narnl 
Observatory at Washington, with a (1-inch lelescoix' and circles nbout 
27 inches in diameter. 


Its yoro 
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69. Zero Points. — Tlie instriunent is used to nieasiu’o the 
altitude or else the polar distance of a heavenly bnd}^ nt the 
time when it is crossing the meridian. As a preliminary wo 
must determine some ze7'o point upon the circle, — the na^ir 
point or horizontal point, if avc wish to measure alLitudea or 
KGuith-disiances ; the polar point or equator jioiiit, if polar dis- 
tances or declinations. The polar point is determined by Inking 
tlie circle reading for some star near the polo when it ci'o.sses 
the meridian above the pole, and then doing the same thing 
again twelve hours later when it cros.ses it holow. The inonii 
of the two readings corrected for refraolion will bo the rending 
which the circle would give when the telescope is pointed 
exactly to the polo, — technically, the polar point, 44io equator' 
pomt is, of course, 90° from this. 

Tile nadir point is the reading of the circle when the tol«J* 
scope is pointed vertically downward. It is delormined by the 
reading of the circle when the iustrumont is so sot that Uie' 
liorizontal wire of the reticle coincides with its own iiniigflt, 
formed by a reflection from a basin of mercury placed on tUtt . 
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pier belo\Y the instrument. To mako this reflected image 
visible it is neoessary to illuminate the reticle by light tlirown 
toward.s the object-glass from behind the wires, — the ordinary 
illumination used during observation comes from the opposite 
direction. This peculiar illumination is effected bj'- what is 
known as the “ collimating eye- 
piece.” A thin glass plate inserted 
at an angle of 45° between the 
lenses of a llamsden eycpioco 
throws down sullicient light, ad- 
mitted tlirough a hole in the side 
of the eyepiece, and yet permits 
the observer to see tlie wires and 
their 3’eflected image. The zenith 
point is, of course, just 180° from 
the nadir point thus determined. 

Obviously, llio ntei’idian-cb'clc} can 
bo used simply us ii transit, so that with 
this instruinonb and a clock tlio observer 
i.s in a ijositiou to dctermiim hotli the 
right ascension and declination ot any 
heavenly body that can bu seen when 
it crosses tho meridian, 

70, Extra-Meridian Observa- 
tions. — Many objects, however, 
are not visible when they cross 
the meridian j a comet, for in- 
stance, or a planet, may be in 
such a part of tho heavens that it transits only by daylight. To 
observe such objects we may employ a so-called univenal imtru- 
nicnty or astronomical theodolite, which is simply an instru- 
ment with both horizontal and vortical circles like a huge 
surveyor’s theodolite and is also called an altazimuth By means 
of this the altitude and azimuth of an object may be measured, 
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find, if the time is given, from tliese the riglit a.seension luid 
declination can "be deduced. 

Fig. 2(3 shows tho {>-iuch alUiziinulh of tlio Washington Observatory . 

More often, however, observations for the positions of bodies 
not on the moi'idian are made witii the equatorial telescope 

already described, with which 
tho differ mae between tho right 
ascension and deoliiiation of 
tho observed body and that 
of some star in its neighbor- 
hood is determined by means 
of a micrometer or, at present, 
often by photography. 

71. The Micrometer. — 
'■.I'lioro are various forms of 
micrometers, the ino.st common 
and generally useful being that 
known as the jilar-^^osition mi- 
orometei\ shown in Figs. 26 




and .73. It is a oomparatively small instrument which is attfioh 
at the eye end of the telescope. It usually oontains a sot of fix 
wires, two oi.‘ three of tliem parallel to each other (only onO) 
is shown in 7i, which represents tho internal construoti 
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of the instrument), crossed at light angles by a single lino or 
set of lines. Under the plate which carries the fixed threads 
lies a fork moved l)y a carefully made screw witli a graduated 
head, and this fork caiiies one or more -wires parallel to tlie first 
set, so that the distance between the wires and cl (Fig. 26 B) 
can be Viuiod at pleasure and read off by means of the screw- 
head graduation. 

The box containing the wires is so arranged that it can itself 
be rotated around the op- 
tical axis of the telescope 
and set in any desired 
“position”; for example, 
so that the movable •wire 
d shall bo parallel to the 
celestial equator when the 
position circle F should 
read 90°. Wli en so se t th a t 
the movable wire points 
from one star to another in 
tire held of view, the “ po- 
sition angle ” (see Fig. 191, 

Sec. t685) can be read off 
oil the circle 

With such a micrometer 
wo can measure at once the 
distance in seconds of arc 
between any two stars 
wiiioh are near enough to be distinctly seen in the same hold of 
view, and can dotermino the position angle of the lino joining 
them. The available range in a small telescope may roach 80b 
In largo telescopes, whicli with the same oyopioces give much 
liiglier magnifying powers, the range is correspondingly less, — 
not more tlian from 5' to 10b When the distance between the 
objects exceeds 2' or 8', the filar micromotor becomes di hi cult 
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lo T.iRO and iiuioourate» because the observer cannot see both 
oljjects distinctly at the same time. 

b'jg. L37 13 a coinpli'te luicroiinilar, fitted wilb electric illuuuuation. 

75J, The Helio meter. — For the measiLrcmoiit of larger clia- 
lances not exceeding Uvo or three degrees the heliomHer is used, 
This is a complete equatorially mounted teleseo^Hj with its 
object-glass (nsually irom 4 to 8 iuelics aperture) diametrically 
divideil into two lialvos which can ho made to slide past each 
otlior for 3 or 4 inches (Fig, 28), the diatanee being measured 
on a delicate scale read by long mieroseopet- 
udiich come down to the end of the inslru 
meiit. The toloseopo tulio can bo rotated 
in its cradle so as to make the line oJ 
division of the lenses lie in any desired 
position. 

Wiieii the ol)jeelrghiss scale is at zero 
the two half lenses act as a single lorn 
and each object in the held of view pro 
sents a single imago, as Hq and ii 
the figure. Bui as soon as one of tlu 
seini-lenscs is x>'nHhed past tlic othei’, two iiuagos of ouol 
objoet !t])[)eiii', and ilio distance and direction between then 
can be varied at jdeasnrc by sliding the lenses and rotating 
the tube. 

^riu) distaiKiO between any two diffei'ent objeets is moasuvot 
by UKihiny tliair images coincide (as, for instance, with <Sq, oi 
iSg with J/q), and ilio observer does not have to “look two ways 
ill once,” nor is ho obliged to trust Lo the stability of his inslru 
moiil; or the accuracy of the clockwork motion. 

On the whole, tho heliometer stands at the liead of aslro' 
nomieal instruments for the precision of its resulU and it 
employe cl in the most delicate investigatioiis, like those upon 
solar and stellar parallax (Secs. 40 T and 550), But it is n 
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veiy coniiDlicated and costly instruiiieiifc, and extremely laborious 
to use, 

'!rhe oJily one in the United States at present us the 7-inch 
instrument at the Yale University Observatory. 

At present, however, such ineasuromeiits of the distance of 
an object from neighboring stars are very generally effected by 
means of liUotoympliy, Photographs of the hold of view con- 
taining the object are made and afterwards measured, and in 
this case the limits of distance between the object and the stars 
to which it is referred can be very much increased without 
lessening the accuracy of the determination. 

73. The Sextant,— All the instruments so far mentioned, 
except the chronometer, reciuire some (irmly fixed support, and 
are therefore absolutely useless at sea. The sextant is the only 
one upon which the mariner can I’oly. By moans of it ho can 
measure the angular distance between two points (as, for 
instance, between the sun and visible horizon), not by pointing 
first to one and afterwards to the other, but b)'^ sighting them 
both simultaneously and in apjyarent coineidcnce^ a “double 
image ” measurement, in which respect the sextant is analo- 
gous to the heliometer. A slcilful observer can make the 
measurement accurately even when he has no stable footing. 

Fig. 29 represents the instrument. Its graduated limb is 
usually, as its name implies, about a sixth of a complete circle, 
with a radius of from 5 to 8 inches. It is graduated in 
half degrees (whioli are, however, numhered as whole degrees) 
and so can measure any angle not much exceeding 120®. The 
index arm, or “ alidade ” in the figure), is pivoted at the 
center of the arc and carries a “vernier,” wliieh slides along 
the limb and can bo fixed at any point bj'’ a clamp, with an 
attached tangent screw 7'. The reading of this vernier gives 
the .angle mea.sured by the instrument; the best instruments 
road to 10" only, because it is impraoticablo to use a telescope 
with very much magnifying power, 
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JiiBti over the center of the are the iiiile.r.-mirror JA about 
2 inches l)y in size, is fastened to the index arm, moving 
with it and keeping always perpendicular to the piano of the 
limb. At // tile liorizon-yUm^ about an inch wide and about 
twice the height of the index-glass, is secured to iho franio of 
thu instniineiit in such a position that when the vernier roads 
zero the index-mirror and horizon-glass will be parallel to oacli 
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elhor. Only half of the horizon-glass is silverod, the upper half 
hoing loft tnvnsparoni. lH is a small telescopo sore wed to tho 
' frame and dircoted towards the horizon-glasH. 

If tho vernier stands near, but not exactly at, zero, an observer ■ 
looking into llio telescopo will see together in the Hold of view 
two scjiarato images of tho object towards which tho toloscopo 
is dii’octod] and if lio slides the vernier, lie will see that one of 
tho imiigoH remains fixed while tho other moves. Tlio hxod 
imago is formed by the rays which reach tho objcot-glaes (Uveoitl^ i 
through tho unsilvored half of the liorizoii-glass ; the inovablo 
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image, on tlio other liantl, is produced hy rays whicli have 
suft’ereci two rejleotions^ iiaving been reflected from the index- 
mirror to the horizon-glass and again rcfloctcd a second time 
from tlao lower, silvered half of the horizon-glass. When the 
two mirrors are parallel the two images coincide, provided the 
object is at a considorahlo distance. 

If the vernier does not stand at or near zero, an observer 
looking at an object directly tlirough the horizon-glass will see 
not only that object, but also, in tlio same telescopic field of 
view, whatever other object is so situated as to send its rays 
to the telescope by reflection from the mirrors ; and the reading 
of the vernier will give the angle at the instrument hetween the tioo 
objects luhose images thus ooincide^ — the angles between the 
planes of tlio two mirrors being, as easil}'' proved, just half the 
angle between the two objects, and the half degrees on the limb 
being numbered as whole ones. 

74. Th(J principal aso of llm inafcrumciit is in nicnsuring tlio iiHitiitlo 
of tlio sun. At .sea tlio observor uaiially procooda aa followa: first, sotting 
the index, loosely clamped, near zero and lidding tlio sextant in his right 
hand with its plaiiG vortioal, lio points tlio telcscotio towards tho sun ; then 
he slides tho vornior along tho arc with his Ic.ft hand until ho brings tlic 
roflectod imago of the sun down to the horizon, all tho tinui kooping it in 
view in tho telescope; liiially, tightening tho ohiiiip and using tlio tangent 
screw, ho makes tho lower odgo or liinh of tho sun just graze the horizon 
as ho swings tlie sun's image back and forth liy asliglit motion of tho instvu- 
moiit-^ib would ho impossible on hoaril ship to Jiold tho imago in contact 
with tho horizon, and is not necessary. As soon as tho contact is siitis- 
factory ho marks tho time and aftorwards reads tho anglo. 'I'ho reading 
of tho vornior after duo corriiotions (soo next chapter) givc.s the sun’s triio 
altitude at tho moment. 

On land avo liaA'O rccourso to an “artificial horizon.” 'I'liis is a shalloAV 
hasln of morcury covered Avith a roof of glass ])hitoH having tlioir surfacoH 
accurately piano and parallol. Tn this case avo ineasiiro the angle hotAVOcn 
tho snii and its imago rofloctod in tho morenry. Tho reading of thoinstru- 
mont corrected for indox error then giA'os twice tlio sun’s apparent altitude. 

Tlio .skilful HHo of tho sextant requives considorahlo doxtority, and from 
tho low poAver of the telescope the angles measured aro leas prociso than 
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those determiiK'fl by large fixed instruments, but tlio portability o£ the 
instrument and its applicability at sea render it invaluable. It was 
invented in practical form by (iodfivy of riiiladelpliia, in 1730, ihougli 
Newton, ns was discovered by Halley, had really .struck upon the sanio 
idea long before. 

75. The principlo that tho angle between the objeota whose images 
coincide iii llie .sextant is twice the, angle ladween the miri'ors (or between 
their normals) is easily deinonatvated as follows: 

Tho I'uy .S'fi/ (Fig'. 30) coming from an ohjeet, after reih'ction first at j 1/ 
(the indox-iniiTor) find then at If (the horizon-glass), is made to coincide 
with the ray 07/ coming from the horizon. 

From the law of reflection, we have tlic two angles HMP and PMH 

equal to each ofiher, (>aeli being r. In tho 
same way the two angh's marked y lire 
equal. From tlui geoinelric principle Dial 
the angle ,S'il//7, exierior to the triangle 
II ME, is equal to tho sum oC the oppo- 
site interior angles at 77 and IS, we get 
E = !3 ,r “ y y, , Similarly, from the tri- 
angle 77il7f), Q=i X ~ If I whence IS = li 

a = 2 q, 

76, AVilh tlio inHlriinicnts above 
described all tho fundamental obsoi- 
vations required in tho investiga- 
tions ol spherioal and ihooroUcal 
astronomy can be supplied, the sex- 
tant and clu’ojioinctor being, however, tlio only ones available 
in nantioal astronomy. 

Astrophysical studies require numerous ])hysical instrumonts 
of an entirely different oharncter, — Hpectroscopo.s, photomotei’H, 
licatrinoasuring instruments, and various kinds of photographio 
apparatus, These will bo considered later, as occasion arises. 
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EXERCISES 

1. If a firefly 'wove to alight ou the* object-glass of a telescope, what 
would bo the appearance to an observer looking through the instrument? 
AVould ho think ho saw a comet? 

2. When a person is looking tlirougli a telescope, if you hold your 
finger in front of the object-glass, will he see it? 

3. If half the object-glass of a telescope iiointod at the moon is covered, 
how will it affect the appearance of tlie moon as seen by tbe observer ? 

4. If a certain eyepiece gives a magnifying power of (10 when used 
with a telescope of o feet focal length, wlmt power will it give on a tele- 
scope of 30 feet focal length? 

5. What is theoretically the angular distance ladwoen tlu! centers of 
two star disks v'hich are just baisdy separated by a telescope of 24 indies 
aperture (Sec, 4(3) ? 

6. Why is it important that the two pivots of a transit-instrument 
should bo of exactly the same diameter? 

7. If the wires of a micrometer (Fig, 20) are so ,sot that, ustsl with a 
telescope of 10 feet focal length, a- star moving along the right-ascension 
wire will occupy If) seconds in pa,ssing from d to c, how long will it take 
when the inicrometer is transferred to a telescope of'flO feet foons? 

8. If the threads of a micrometer screw are of an inch apart, wliut 
is tlic angular value of one revolution of thi; screw when the miorometor 
is attached to a telescope of 30 feet focal length? 

9. Does changing the eyepiece of a telescope for the purpo.se of altering 
the magnifying power affect the value of the revolution of the niicroscnpo 
screw ? 
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CORRECTIONS TO ASTRONOMICAL OBSERVATIONS 

Dip <»f tliQ irol'i/on— Pnrrillnx — Hoiiiidmmt'tov — Knfmctloii — Twinkling or KciulU- 

liitlon — TwiligliL 

OnSEBVATlONS US acluiiUy inado always require eorrecUons 
Ijeforo llioy can be used in cloduoiag results. Those that 
depend on the errors or inaladjuatment oI the insLvuiiieiib itself 
will not be considered here, but only such as are due to other 
causes external to the iiistruinent and the observer. 

77, Dip of the Horizon, — In observations of tlie altitiido ol a 
heavenly body at sea, where the sextant ineasureiucnt ivS made 

from the vmhh hori/.on, or sea-line^ it is 
o ■ 

necessary to take into ae count the depres- 
sion of the visible below the true astro- 
nomical liori'/on liy a small angle called the 
clii). The amount of tliis dip depends upon 
the observer’s altitude above the soa-lovel. 

In Fig. 31 G is tlie center of I ho earth, 
AB a portion of its level surfaoo, and 0 
the eye of the observer at an elevation h 
above A. The line drawn porpondioulnr 
to 00 is truly horizontal (regarding the 
earth as spherical), while the tangont OB 
is the lino drawn from 0 to the visible horizon, Tho angle 
HOB is the dip, and is obviously equal to OCJL 

From tho triangle 00 B wo have 

cos OCB ^ OB 1 00 = A7(/*’ -h A) == coa A, 
dosignatlng tho dip by A, 

OG 
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Tho fonmUa in this shape is incoiivenient, hecauao it deter- Fornutiu) rm- 
mines a small angle by means of its cosine. But since 1 — eos '“^A 
= 2 sin i A, we easily obtain the following : 


Or, since A is always a small angle, and neglectijig A in tlie 
denominator of tho fraction as being insignificant compared 
with Jfi, we get 


sin A = 2 sin i A 



This gives with quite sufiicient accuracy the true depression 
of the sea horizon as it would be (f the line of dght loere straight 
But this is not the case, owing to refraction of the rays in pass- 
ing through the air, and the amount of this refraction is very 
uncertain and variable. Ordinarily the dip is diminished about 
one eighth of the amount computed by tho formula. 

An approximate formula, obtained by substituting tho radius 
of the earth (20 890000 feet) and reducing, give.s A' (f.c., in 


minutes of arc) = 3488 


■v: 


2 h (feet) i m 

on QQnnnn ^ Approx!- 

20 890000 (feet) mmofor- 


= V A (feet) (nearly) ; or, in ^^'•ords, the di]) in minutes of arc illp, 
equals the square root of the observer's elevation in feet; f.c., 
the dip is 1' at an elevation of 1 foot, 6' at an elevation of 
26 feet, 10' at an elevation of 100 foot, etc. 


iniiliv for 


This rosulb is gciiornlly about flvo juu' cont too largo, taking into aofloimfc 
refruotion; but it is near enough for most ]>ractical puvposoa, since at sea 
the observer is seldom as niuch us fiO fecst above tho sca-luvcl and cannot, 
with a sextant, moasuve altitudes more closely than to tlic nearest quarter 
of a minutf!. 

The formula A' = Vs h (meters) agrees still more nearly with tho actual 
value. 
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The distam'e OB of (he mi horizon is easily seen, from Fig, !51, lo be 

•'orimila foi' 

lisianceof 7£ laii A. An ai)pi‘oxhnate formula is, distance in inilcs 
lea linrlzon. 

'riiis, howovttr, takes no acoonnt of refraction, and the actual distance is 
always greater, 
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78. Parallax (Fig. 32). — Tii goneral llio word “parallax” 
means tlio difCeronco between tlie direction of a heavenly body 
aa seen by the observer and as seen from some standard point 
of reference. 

The annual or licliocentno parallax of a star is the difference 

of the star’s direction as soon 
from the earth and from tlio sun. 
With tins we have nothing to do 
for the present. 

T'ho diurnal or ycocenirio paral- 
lax of the stin, moon, or a planet 
is the difference of its direction 
as seen from the oenter of the 
earth and from the ohservar^s sia- 
tion on the earth’s surface 5 or, 
what comes to the same thing, 
it is the angle at the body made 
by two lines drawn from it, ono to the olworvci*, the other to 
the center of the oartli. In big. 82 tlio iiarallax of the body 
J* is the angle OPC\ which equals x()]\ and is the difforonco 
between ZOP and ZCT. Obviously this jmrallax is zero for a 
body directly overhead at Zy and a maximum for a body rising 
at JP Moreover, and this is to bo specially noted, this paral- 
lax of a body at the horizon. — tlio horizontal parallax — ^is 
simply the angular semkliameter of the earth as seen from the 
body, AVhon wo say that the moon’s horizontal parallax is 67', 
it is equivalent to saying that, soon from the moon, the earth 
)ia.s an apparent diameter of 114'. 
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79. Law of the Parallax. — From the triangle OOF we have 
P(7;06' = sin COFx sin CFO, 

or, Ext — sin f : siup (since OOF is the supplement of ^). 

This gives 

sin /; ^ ~ sin {a) 

or, since p is alwa^'-s a small angle, 

w" = 20626.5" ~ sin (IS) 

li 

When a body is at the hori/.on its zenith-distance is 90° and 
sin ^=1. Hence, tlie horizontal parallax, 11, of the body is 
given by the formula 


n = (c ) ; and p = IT sin (d) 


Or, in words, the parallax at any altituch eqitals the horizontal 
parallax nmltipUed hy the sine of the apparent zenith-distanoe. 

From equation {e) we have also, for finding H, the distance 
of tire body, 



or 


/»’ = 


206265 r 


(^) 


a relation of great importance as determining the distance of a 
heavenly body when its parallax is known. 

80, Equatorial Parallax, — Owing to the “ elliiitioity,” or 
“ oblate ne,ss," of the earth, the liorizontal parallax of a body 
varies slightly at different places, being a maximum at the 
equator, where the distance of an observer from the earth’s 
center is greatest. It is agreed to take as the standard the 
equatorial'horhontahp>arallax, i,e,, the earth’s equatorial semi- 
diameter in seconds as seen from the body. 

If the earth were exactly spherical, the parallax would act 
in an exactly vertical plane and would simply diminish the 
altitude of the body without in the least affecting its azimuth. 
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liowover, il ticlH along great circles di'invu Trom tlio 
ceniriv zonitli to the yeoovntric nadir (Sec. 11), and tlieso (sirclcs 
are iu»t identical with the vertical oirolc.s nor exactly normal tc> 
the lioriKoii, li'or this reason the azinnitli of the moon^ which 
has a parallax of about a degree, is sensildy afPeotod. The 
caloiilatioii of the parallax corrections to ohsorvatioiis of the 
moon’s light ascension ainl declination is also modified and 
gTcatly coniplioated. (See Cainphell’s Pmatioal AstroHOhiyf 
Sec. 20.) 

Ill Iho calculation of the parallax of all oil i or bodies it is 
HniTieiont to regard the earth as ajiluMical. 

81. Semidiameter. — In the case of the sun or moon the 
edge, or Umhy of tlio object is usually observed, ivnd to got the 
true position of its center the angular .semidiamoter must ho 
aflded or subtracted. l<\n’ all objects except the moon this may 
be taken directly from the cpbomoridos, Imt tbo moon’s appar- 
ent diameter increases slightly with its altitude, being about 
part, or about 30'', greater when in tbo zenith than at the 
horizon, bocaiiso at tbo zonitli it is about 1000 miles, or 
part of its wliolo distanoe from the center of tbe earth, nearer 
than at the liorizoii. At any observed zeuith-dislauco, Or 
(Fig*. 82), the apparent oi* “angmontod” semidijimotor (s'), as 
Keen from Oy is groater than the somidiamoti'r (s) given in the 
ephomoris as seen from 6', in the ratio of J‘C' to PO, From 
tlio triangle POC wc obtain, therefore, 

; s j : P (* : /Y) : : sin POP: sin P(U) ; : sin ^ ; sin (4‘’~^>) 

(f being the apparent zonith'distumse). 


Whoneo 


s' — s — . 

Slll(f -/0 


'rids ” iiimmentalioii ” eC Urn moon's (liiiini'lt*)’, atumiiiUiig to nhoul 
(50" lu'iu* llu‘ zoiiitli, lins, of course, nothing wiiiitovcr to <lo with tlio opti- 
cal ilhisiou nlrcady vcffUTCtl to 'wliicli nmlccs llio moon K(st‘m lai’Kor wlioii 
near tho iiovizuu. 
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8{J, Refraction. — As tlio rays of liglifc fi’om a star enter oxir Astro- 
atmosphere, unless they strike perpendicularly they are bent 
downwards by refraction and follow a curved path, as illus- 
trated pi Fig. 38. 

Since the object is seen in the direction from whicii the rays its offcet to 
enter tlio eye, the effect is to make the apparent altitude of tlio ti»o 

'' aprni’cnt 

object greater than the true, nititwio of a 

Refraction, like parallax, is zero at the zenith and a maxi- 
mum at the horizon, where under average conditions it lifts an 
object about 35^ leaving the azimuth, however, unchanged, lUit 


the law of refraction is very different 
from that of parallax. 

Its amount depends upon the den- 
sity of the air (which is determined 
by the barometric pressure and tem- 
perature) as well as the altitude of 
tlm object, but is independent of its 
distance. 

The tlieory of refraction i.s too 
complicated to he discussed here, and 
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the reader is referred to Caniiiboirs or Oliauvonet’s Practical 


Astronomy, 

The computation of the correction wlien precision is required AiToetod l)y 
is made by means of elaborate tables provided for the xiurposo and 
given in works on practical astronomy, the data being the observed mptrio 
altitude of the object, tlie temperature, and tlio lieiglit of the 
barometer. Inoroase of atmosxiheric jiressuro sliglitlj^ increases 
the refraction, and increase of temperature dimini.shes it. 

For altitudes exceeding 25*^ the following apjn'oximato for- Appraxi- 
mula, corresponding to a temperature of zero Centigrade 
(32° Fahrenheit) and a barometric iirossuro of 80 inches, may botiioa above 
ho used, and will generally give results correct within a few fUtiuuk). 
second.s, viz., r^^ — 60' ‘.7 tan in wliich $'is the apparent •i.miih.-' 
distance. 
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The following formula (due to Professor Comstock) is a little 
more complicated, but mucli more accurate, viz., 




983?; 


d()0 “b t 


tan 


in wbioh h is the height of the barometer in inches and t is the 
tempoi'iiturG on FahrenheWs scale, For altitudes above 15° 
this formula will seldom be over 1" in error. 

The little Table VIII (Appendix) gives by inspection pretty 
accurately the refraction under the circumataneos stated in its 
heading ; and by applying the approximate oorrectiona for 
barometer and tbormoraeter indicated in tlio note below it, the 
results will seldom be more than 2" in error. 

It is hardly necessary to add that this refraction correction, 
required by most astronomical obscrvatit)n.s of x)osition, is very 
troublesome, and nsnally iuvolv(Js more or less uncertainty 
and error from the continually changing and unknown condi- 
tion of the atmosphere along the patli followed hy th(5 rays of . 
light. ■■ 

For motliods hy which the amount of the refraction is detei'- 
mined hi/ observation^ the reader is referred to wfnhs on practical 
astronomy, or to tlie author’s General AMronoini/,, Art. 94. 

83. Effect of Refraction near the Horizon. — The horizontal 
refraction, ranging as it do'os from 32' to 40', according to ' 
meteorological coiiditions, is always somewhat greater than tlio , 
dial no ter of either the sun or the moon. At the moment, t;# 
tborefore, when tbo sun’s lower limb appears to bo just rising 
or sotting, the wlmlo disk is really below the plane of the iiork 
Koii; and the time of sunrise in our latitudes is thus accoleratcd ' 
from two to four minutes, acoordiiig to the inclination of thOiHiwjp 
sun’s diurnal circle to tho horizon, which varies with the tuttq'3l:||l 

n .1 /-v P _ I < .1 ..1 1.1. j. is'iSt: 


of the year. Of conrso, sunset is delayed hy the same ftmount,"',J;f-"'"' 


and thus at both ends tho day is lengthened at tho expense o(;g 
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Near tlie horizon the ref me lion changes very rapidly ; •vvliile 
under ordinary summer temper aUiro it is about 36' at the hori- 
zon, it is only 29' at an elevation of half a degree, so tliat as 
the sun or moon rises the bottom of the disk is lifted 6' more 
than the top and the vertical diameter is thus made apparcntl}'’ 
about onO“iifth part shorter than the liorizontal. This quite 
notably distorts the disk into the form of an oval flattened 
on the under side. In cold weather the eifuct is much more 
marked. 

Thvo other semi-astronomical effects, the twinkling of the 
stars and twiliglit, are due to the action of our atmosphere, and 
may be treated in this connection, though in no otlier way con- 
nected with the principal subject of the chapter. 

84. Twinkling or Scintillation of the Stars. — This is a purely 
atmospheric phenomenon, usually oons[)icuons near the liorizon, 
where it is often accompanied by marked changes of color. 
Near the zenith it goner all}'" disappears, and at other altitudes 
it differs greatly on. differejit nights. As a rule only tlio ^tars 
twinkle strongly ; the 'planets^ Mercury excepted, usually shine 
with an almost steady light. 

Authorities differ as to the details of explanation, but prob- 
ably scintillation is mainly duo to two codpcratiiig causes, both, 
depeuding on the fact tliat the air is generally full of streaks 
and wavelets of unequal density earned hy the wind. 

(1) Light coming tlirough sueh a medium is concentrated in 
some places and diverted from others by simple refraction, like 
light from an electric lamp shining througli an oi'dinary window- 
IJano upon the opposite wall. If the light of a star were strong 
enough, a white surface illuminated by it would bo covered by 
bright and dark inottlings, drifting with the wind ; and as sucli 
mottiings pass the eye the star appears to fade and brighten by 
turns. Looked at in the telescope, it also “dances,’* being 
sUglitl}’- displaced back and forth by tlie irrognlar refraction, 
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(2) The other cause of twinkling is opticiil interferenee. Pen- 
cils of light coming from a star (optically a mere luminous 
^jotVc) rciich the observer’s eye by routes differing only slightly, 
and are just in a condition to “ interfere,” '^riie result is 
tho temporary destruction of rays of certain wave-lengths and 
the reinforcement of others. Accordingly, tho “spectrum” 
(Sec, 509) of a twinkling star is traversed b}'' darlc bands in -the 
different colors, oscillating back and forth, but, on tho whole, 
when tho star is rising, progressing from the blue towai’ds the 
red, and vice versa when tlie star is near the setting, 

'The planets do not twinkle, because they are not luminous 
points^ but have disks made up of a congeries of such points] 
while each point twinkles like a star, the twinklings do not 
syiiohronizo with each other, and so the general sum of light 
I'o mains practically uniform. Wlieu very near the liorizon, how- 
ever, tho irregular refraction is soraotimQs sulhciently violent 
to make them dance and change color. Since the disk of 
Mercury is very small, and the planet is never seen except 
near the horizon, it usually hehaves like a star. 

86, Twilight. — 'Phis is caused by the rejleotion of sunlight 
from tlio upper portion of tho earth’s atmosphere, perhaps from 
the air itself, perhaps from tho minute solid particles in tiro air, 

■ — arrthoritios differ. After the sun has set, its rays, passing 
over the observer’s head, still eontiiuro to shine through tho air 
alrovo him, and twiliglit continues as long as any portion of tho 
illuminated air remains in sight from whore ho stands. It is con- 
sidered to end whoir stars of tho sixth magnitude hocomo visible 
near tho zenith, whiclr does irot occur until the sun is about 
18° below tho horizon; but this varies considerably for dijforont 
places, according to tho purity of tiro air. 

I'lie longtli of tiino mijun'ocl by Uio snu afUn* Hutting to roach tliis depth 
varies with the soason and with tlio ohservor'K latitude. Tu latitude 10° it 
38 III I out ninety niinutes on March 1 and October 12, but more than two 
ho lira at ttui KUinmcr solntico. Tn latitudes ab(»ve 50°, when the days arc 
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longosl:, tAviliglit novfir diHappoai's oven tit inidniglit. On the moimtuins 
of Poni, on tlic other hand, it is said novor to hist more than lialf an liour, 
probably because the upper air in that region is practically cioar from dust 
particles. 

From the fact that Uvilight lasts until the sun is 18° behw the liorizon, 
the lieiglit of the twiliglit-producing atmosphere can easily be coniputml, 
and comes out about 50 miles. This, however, is not the real limit of 
the utinosphore. The plienoniona of meteors show that at an elevation 
of 100 miles there is still air enough to resist their motion and cause their 
incandescence. 

Soon after tlic ann lias set, the (wilii/hl imw appears rising in the east, — 
a dark blue segment, bounded by a faintly reddish arc. It is tin; shadow 
of the eartli upon the air, and as it rises the arc becomes rapidly diffuse 
and indistinct and is lo.st long before it riiaobes tlic zmiith, 
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EXERCISES 

1, What is the approximate dip of tlie liorizon from a hill 000 feet 
high (See. 77)? 

2, How high must a mountain be in order tliat tlie dip of the liorizon 
from its summit may bo il°? 

3, What is tile distance of the horizon in miles, ns siieti from the 
summit of this mountain (Sec. 77)? 

4, Assuming the liorizontal parallax of the sun at 8". 8, what is the. 
horizontal parallax of Mars wlien nearest us, at a distance of 0.378 astro- 
nomical units? (TTu! astronomical unit is the distance from the earth to 
the sun.) 

6. Wlmt is tlie greatest apparent diameler of the earth as seen from 
Mars? 

6. What is tlie horizontal parallax of tlupiUu' when at a distance of 0 
astronomical units? 

7. Does atmosplioric rofraotion increase or decrease the apparent size 
of the sun’s disk when it is near the horizon? 

8. What is tlie lowest latitude where twilight can last all night? Can 
it do so at New York? at London? at ]3dinbnrgh? 
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FUNDAMENTAL PROBLEMS OF PRACTICAL ASTRONOMY 

JvfititiHlc— Timo— Lonyiturto — AzimiiUi — TJiolUKht Amioiisloti ami Dcdiimtlon of 

11 lloavoiily 13ofly 

86 , Tliore aro ceiTain problciHM of practical astronomy Avhicli 
arc oncoTintcred at the very thrcsliold of all investigations 
vospocting the heavenly bodies, the earth inclndcd. Tlio student 
must know how to determine his poHtion on the surface of the 
earthi that is, his latitude and longitude 5 how to ascoriaiu the 
exact time at which an observation is made; and how to observe 
tlio j-prctf/se ^position of a heavenly body and fix its right ascen- 
sion and declination. 

87. Definitions of the Observer’s Latitude. — In geography 
the latitude of a place is lusually defined simply as its distance 
north or south of the equator, measured in deyrees, 'J'hi.s is 
not explicit enough unless it is stated how the degrees tlioiU- 
solvos aro to bo measured. If the eiirth wore a perfect aplioro 
there would bo no dilficulty, but sinoo the earth is sonsibly 
flatlencd at its polos the geographical dogroos have somewhat 
different long tl is in different parts of the earth. The funda- 
mental defmitiou of astronomical latitude lias already lioeu 
given (Sec. 112) as the angle between the direction of gravity 
where the observer stands and the jdane of the equator. I'lio 
angle hotween gravity and the carllCs axis is the colalitude of 
the placo, Other equivalent doflni lions of tho latitude are the 
(dtitude of the pole and the declination of the zenith^ which ia 
the same as tho altitude of tho polo, as is eloar from Mg. 84, 
whore %Q, obviously equals NJ*. 

70 
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The problem, then, is to dotermino by observation of tho lioav- 
eiily bodies either the angle of elevation of the oeleslial or the 
dietanoe in degrees hetwecn the zenith and the celestial equator. 

88. First Method : by Observation of Circumpolar Stars. — Luiitmii! i>,v 
The most obvious method (already referred to) is by obsorviJig 

with a suitable instrument the altitude of some star near fcim poim-HiurH. 

polo at the moment when it is crossing the meridian Eibovo 

the pole, and again twelve sideresil hours later when it is once 

more on the meridian but below the pole. lu the first case its 

altitude is the greatest possible; in the second, the least. The 

mean of the two altitudes (each corrected for utiuosplicrici refrac!- 

tion) is the altitude of the jyole or the latiUido of the observer. 

Tile method has the great advantage that it is {in mdependent A»lvaiititK'’« 
one; that is, the observer is not obliged to depend iiiEon his 
predecessors for any of bis. data, lint the method fails for UnunwilKid. 
stations very near the 
equator, because there 
the pole is so near the 
horizon that the neces- 
sary observations cannot 
be made. 

At an observatory the 
observations are usually 
made with the meridian- 
circle, and the mean of a 

great number of oliservations is necessary in order to olimi- 
nate the slight errors in the coinpiitod refraction corroetions 
due to varying Eitmospherio ooiiditions. Wlicro tho ineridian- 
circle is not available, tho observations may also bo nmdo 
with a sextant or theodolite, but the results are niiieh less 
precise. 

89. Second Method: by the Meridian Altitude or Zenith- 
Distance of a Body whose Declination is accurately known, — 

In Fig. 84 the circle is tlio meridian, Q and P being 
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I'espectively tho pquator and tho pole and Z the zenith. QZ is 
the declination of tho zenith, or the latitude of tho observer. If, 
when the star s crosses tho meridian, we observe its zenith- 
distance, {Z& in the figure), its declination, Qs or being 
known, then evidently QZ eciuals Qs plus sZi that is, tho latitude 
equals tlie declination of the star qdus its zenith-dista^ioe. If the 
star were at s', south of tlio eq^uator, tlio same equation would 
still hold ahjehraically^ because tho declination Qs' is then a 
negative quantity ; and if the star were at n between tho zenith 
and jiole, wo should have its north zenith-distance, a negative 
quantity. In all oases, therefore, we may write c/) = 8 -|- 

I£ wo iisn Ibn inoricliaii-circlc in malting our ohHorvationa, avo can 
always select stars that pass near tho zenith, Avlienj iho refraction is small, 
Avhich is in itself a groat advantage. IMorooATr, avo can select them in 
such a AViiy that some Avill he ns much nortli of iho zenith a.s others arc 
south, and this Avill ]iractically elimiuale even the slight refraction errors that 
remain. On tho oilier hand, in using tliis method avo Inivo to obtain onr 
star declinations from tho catalogues made by proAnous observers, so tlial 
tho method is not an “independent” one. 

90. At sm the latitude is usually obtained by observing with 
tlio sextant the sun's maximum altitude, whieh oeours, of course, 
at noon. Since at sea one seldom knoAvs beforehand prooisoly 
tlio moment of local noon, tho obsorvov takes care to begin lus 
obs or vat Ions stmio minutes earlier, repeating bis nioasuro of the 
siui^H iiltitudo every minute or two. At first the altitude will 
keep inci'onsiiig, but immediately after noon oeours it Avill begin to 
decreaso. 'I'ho observor uses, there Coro, tho maximum-^ altltudo 
obtained, Avhioh, correotod for refraction, parallax, semidiamoter, 
and dip of the horizon, will give him the true meridian altiUiclo 
of tlio sun. 'Pho Nautical Almanac gives him its declination, 

^Oii neemmt of tho sun’s motion In dcollnatton and Uio northward or 
HoulliAvard motion of tho ship itself, tlio sun’s maximum nltltnclo Is usunlly 
attained not prooisoly on tho movklian, but a short tlmo oarlior or lalor. This 
requires a slight correction to tho dodncod InilLudo, t)io calculation of which 
is explained in books on navigation, 
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91. Third Method: by Circummeridian Altitudes. — If tho 
observer knows liis time with reasontible aconracy, ho can obtain 
liis latitude from observations of the altitude of a heavenly body 
made when it is near the meridian with practically the same 
precision as at the moment of meridian passage. It lies beyond 
our scope to discuss the method of reduction, Avhich is explained, 
with the necessary tables, in all works on practical astronoiny. 

The great advantage of the method is that tho observer is 
not restricted to a single observation at each meridian pmssago 
of the sun or of tho selected star, but can utilize the half-hours 
preceding and following that moment. Tim meridian-circle, of 
course, cannot bo used. Usually tho sextant, or a so-called 
“universal instrument” (Sec. 70), is employed. 

92. Fourth Method^ t by the Zenith-Telescope. Tho essential 
characteristic of tlm method is tho measuremont with a microm- 
eter of the d iffe r enoe heUoeen the nearly equal zenith-distances 
of two stars which pass tlie meridian within a fcAV minutes 
of each other, one nortli and the other south of the zenith, and 
not very far from it; such pairs of stars can now always be 
found in our ttar-catalogues. 

A special instrument, known as tlm zenith-telescope^ is gen- 
erally employed, though a simple transit-instrument, provided 
with reversing apparatus, a delicate level attached to the tele- 
scope, and a declination micrometer is now often used. 

Fig. fin shows tho vory coinph'to Z((nith-t(!loficO|io of tho If'Iowor Ohsni’va- 
tory near Plnladolphiii. 

At tliG (iGorgetown Ohsin-vatoiy a i)liotographic '/(initli-tcshjscopo is iifiod, 
having a photographic plate, in plaoo of tlm oyopioco. 

The telescope is set at the proper altitude for tho star Avhioh 
first comes to tho meridian and tlib “ latitude level,” as it is 
called, — wliich is attached to tho telescope — m sot horizontal ; 

J Known ae the “American method,” bocaiiso first practically Introduced 
by Captain Talcott, of tho United States Rnglnoor.s, In a boundary survey In 
1846. It Is now very generally adopted and considered the best. 
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as tlie star passes tlirougli thoTielcl oi: vieAV its distance north 
or south of the central horizontal wiro is inGasiircd by the 
inicroinctor. . The instriunent is then reversed so that the tele- 

scope points towards 
the north (if it was 
south before), and 
the telescope so 
readjusted, if iioees- 
sary, that tlve level 
is again horizontal, 
— taking great care, 
however, not to 
disturb the anfflc 
hetiveen the level and 
the telescope itself. 
The telescope is thou 
evidently elevutod 
at exactly tlio same 
angle as before, but 
on' the opposite aide 
of the zenith. As 
the second star 
passes througli the 
field, we metnauro 
with the micromotor 
its distance north or 
south of the con trill 
Avire. The (compari- 
son of tlie two measures gives the difCeronco of the tAVO zenith- 
distances Avith great accuracy and without the necessity of- 
depending upon any graduated circle, 

In field operations like those of geodesy this is an enormous; 
advantage, both as regards the portability of the instrument 
and the attainable preuision of results. 
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From Fig’. 34 we liave 


for star south of zenith, ^ = 5,. H- ; 
for star north of zenith, ^ = S„ — 

Adding the two equations and dividing hy 2, we liave 



The star-catalogue gives us the declinations of the two stars 
and the difference of the zenith-distances is 

determined by the micrometer measures. 

When the method was first introduced it was difficult to find 
pairs of stars whose declination was known with sufficient pre- 
cision. At present our star-catalogues are so extensive and 
exact that this difficulty lias practically disappeared. 

Refraction is almost eliminated, because the two stars of each 
pair are at very nearly the same zenith-distance, 

Evidently the aconrnoy depends ultimately upon tlio exactness with 
which the level moasni’es tho slight but inovitablo difl'eronco bctwiion tlui 
inclinations of the instrument when pointed on the two stars. 

In Dr. Chandler’s Almucaniar (Sec, 07) tlio telescope prosorVfss its 
constant declination mtloviaticalhj, by being mounted upon a base which 
floats in mercury, thus dispensing with tho level. 

'I'hero arc numerous other methods for obtaining tho latitude, Jn 
Chauvenet’s Practical Astrnmmvj over forty are given, some of which can 
fairly compete in precision with those named above, 

93. The Gnomon. — The ancients could not use any of tho 
preceding methods for finding tho latitude, They wore, how- 
ever, able to make a very respootable approximation by means 
of the simplest of all astronomical instruments, tho gnomon. 
This is merely a vertical shaft or column of known height 
ereoted on a perfectly horizontal plane, and tho observation 
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consists in noting tlio length of the shadow cast at noon 
at certain times of the year. Suppose, for instance, that on 
iliG day of the mminer aolstke^ at noon, the length of tlio 
shadow is AC {Fig. 36). The licight Ali being given, wo can 
easily compute in the right-angled triangle the angle AUCy 
which eq^uals the suiits Konith-distanco wlieii farthest 

north. 

Again, ohserve the length AJ) of the shadow at noon of the 
shortest day in ioinier and compute tlie angle AJU)^ wliioh iy tlio 
sun’s coiTGsponding /.enith-distanco when farthest south. "Now, 
since the sun travels equal distances nortli and south of tho 

cele.stial equator, tho mean 
of the two zenith-distaiicos 
will give tho angular dis- 
tance between the equator 
and the zenith, i.c., tho 
deeUnaiion of the zenith^ 
which is tho latitude of 
tlie place. 

Tho method is an inde- 
pendent one, nice that of 
tho observation of circuin- 

Fia. — LutiimiohyUioGiioinoii pohu' Stars, requiring no 

data oxco])t those wliioh 
tho observer determines for himself. It does not admit of much 
acouraoy, however, si nee the penumbra at tho end of tho shadow 
inahoB it imjiossiblo to moasui ‘0 its length very precisely. 

Tt should IxMioU'd tliat tho (inci<MiLH, insluiul of doHigniiting tho poflitloii 
of 11 ]daco hy moans of Us laUtudo, iisod its vlimuic ; tho cliinuto (from 
nM/m) being iho slope of tho piano of the celo.Hlial uqnulor, tho angle 
A JAi, will eh is tho cohilitialr. 

For tho u.sii of tho gnomon lii dotorinining the obliquity of tlio ocliptio 
and tho longtli of tho yoar, sco Sues, 1(11 (2) and 182, Many of tho Kgyp- 
tian oholisks are Iniown to have boon used for astronomical obsorvatlona, 
and poi'liups voro oroctod mainly for that purpose. 
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94. Variation of Latitude and Motion of the Poles of the Earth. No ovid 
— It Jias lonff been doubted whether latitudes are strictly con- 

.1*1 .Ki ii.p. OOllSHlOl 

.stant. They cannot be so it the axis ol the earth shirts its dmiiKeB 
position within the globe. Some have supposed tliat in . the thoi’osii 
past there liave been great changes of tins kind, seeking tluis om-ih’a i 
to explain eertain geological epoclis, ns, for instance, the glacial 
and the carboniferous. But thus far no evidence of any consid- 
erable displacement has appeared, nor is there any satisfactory 
proof of certain slow, 
continuous “ secular ” -o1a8- 

changes, which have 
been strongly sus- 
peoted. 

Theoi’etically, how- 
ever, any alteration in 
tlie arrangement of the »•*“ 
matter of tlie earth, 
by elevation, subsi- 
donee, transportation, 
or denudation, must +<»•“ 
necessarily disturb the 
axis and change tho *,^®’“ 
latitudes to some ex- 

Fio. !17 

tent. The question 

is merely whether our observations can be made suniciontly 
accurate to detect the cliange. Since 1889 the limit has been 
reached, and wo now have conclusive proof of suoli effects. 

The first satisfactory evidence of the fact was obtained at First obf 
Berlin by Klistner, and at other Gorman stations in 1888 and 
1889, and the result has since been abundantly confirmed by obtained 
observations at many other stations. Moreover, Dr. S. C. 
Chandler of Cambridge, U.S., by a brilliant and laborious series 
of investigations, finds the same variations olearly exhibited in 
almost every extended body of reliable observations made since 
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1760. From tho wliolo m<ass of eyideiico ho ooncUulos that 
the movemont of the polo at present is composed of two 
motions, — one an annual revolution in an ellipse about 80 
feet long, but varying in width and position, tho other a revo- 
lution in a circle about 2G feet in diameter and having a period 
of about 4-28 days, — both revolutions being oounter-Qlo(i1mm\ 
The resultant motion presents a very irregular appearance and 
changes greatly from year to year. 

Fig. 37 represents the nctual motion from 1800 to 1808 as dedueed liy 
Allireclit from all available observations, 

llie animal component of tins polar motion is veiy iikidy due to meteoro- 
logical causes vliicb follow tlie seasons, such as tho disposit of rain, snow, 
and ice. Tho explanation of tlio '128-day component is not yet entirely 
clear, and its discussion would Lalco us too far. 

It is likely also that irregular disturbances, duo to various eiiuaes — for 
instance, perlmps, eartiiquakes — ^niay modify tlio rogular poriodic motioiiH. 


95. Different Kinds of Time. — 'i'imo is usually doriued as 
measured duration. From tlie beginning tlio apparent diurnal 
rotation of the heavens has been accepted n.s tho standard unit, 
and to it wo refer all artificial measures of time, such as clocka 
and watclios. 

Ill practice tlie accurate doterminathni of Lime consists in 
finding the TIour Anyle (Sec. 21) of the object or looint which 
has been selected to mark the heyinnimj of the day by its passaye 
across the meridian, 

In astronomy three kinds of time are now recognized: side-- 
real time,, apparent solar time, and mean solar time, — tho last 
being tho time of civil life and oi'd inary business, while tho 
first is used for astronomical purposes exclusively. Apparent 
solar time (formerly called true time) has now praotioally fallen 
out of use, oxoopi in coiiii^Lrios wliero walchos and clocks are 
Hoaroe or unknown and sun-dials are tho ordimiry timekoopoi'S. 
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96. Sidereal Time. — The oelestial ohjoet which detormiiies 
sidereal time hy ite position in the shy at any moment is, it 
will be remembered, the vernal equinox or first of (symbol, 
Y )5 «.e., the point where the sun crosses the celestial equator 
in tlie spring, about Maroli 21 every year. 

As already stated (Sec. 25), the local sidereal day^ begins at 
tlie moment when the first of Aries crosses the observer’s 
meridian, and the sidereal time at any moment is the hour 
angle of the vernal equinox; i.e., it is the time marked by a 
clock so set and adjusted as to show sidereal noon (O^'O^'O”) at 
each transit of the fii'st of Aries. 

The equinoctial point is, of course, invisible; but its posi- 
tion among tlie stars is always known, so that its hour angle at 
any moment can be determined by observing the stars. 

97. Apparent Solar Time. — Just as sidereal time is the hour 
angle of the venial equinox, so aqyparent solar time at any 
moment is the hour angle of the sun. It is the time shown by 
the sun-dial^ and its noon occurs at the moment wlicn the sun’s 
center crosses the moi'idian. 

On account of the earth’s orbital motion (explained moi ‘0 
fully in Chapter VI), the sun appears to move eastward along 
the ecliptic, completing its circuit in a year. Kaoli noon, 
therefore, it occupies a place among the stars about a degree 
farther east than it did the noon before, and so comes to the 
meridian about four minutes latei\ if time is reckoned by a 
sidereal cloch In other words, the solar day is about four 
minutes longer than the sidereal, tlie difference amounting to 
exactly one day each year, which contains 3661 sidereal days. 

But the sun’s eastward motion is not uniform, for several 

^Oa account of tlio procession of the oquinoxoa (to bo tllscussotl later), tlio 
sidoroal clay thus doanocl is slightly shovtor than it would bo if doflnod ns tlio 
intorval botwoon successlvo tmiialts of flojno^lvon s/ar ; the cllfroronco botug tt 
littlo less than 6f a-socoivd, or ono day bi 25800 years, — too llttlo to bo 
worth taking Into account In any ordinary calculation, 
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reasons, and the nppaveiit solar days therefore vary in length. 
December 23, for instance, is about lilty-ono seconds longer 
from sun-dial noon to noon again (by a sidereal clock) tlian Sep- 
tember 16. li’or this reason apparent solar or sun-dial time is 
unsatisfactory for scientific use and cannot be kept by any simple 
mechanical arrangement in clocks and watches. At presoub it 
is jiractically discarded in favor of mean solar time. 

98. Mean Solar Time. — A jiditious sun is, therefore, imagined, 
moving uniformly eastivard in the celestial equator and complet- 
ing its annual cour.se m exactly the same time as that in which 
the actual sun makes the circuit of the ecliqdic, llns fictitious 
sun is made the timekeeper for mean solar time. It is mean 
noon when its center crosses the meridian, and at any moment 
the hour anyle of the fictitious sun is the mean time for that 
moineni. The mean solar days arc, thoroforo, all of exactly 
the same length and equal to the length of the average apparent 
solar day, the mean solar day being longer than the sidereal by 
3 “‘55“, 91 [mean solar minutes and seconds) and the sidereal day 
shorter than the solar by 3'“56“.55 {sidereal minuLos anclsocoiids), 

99. Sidereal time will not answer for hu si ness purposes, 
because its noon (the transit of the vernal equinox) occurs 
at all hours of tlio day and night in different seasons of tho 
year t on Heptemhor 22, for instance, it comes at midnight. 
Apparent solar time is unsatisfactory hoeauso of the variation 
in tho length of its days and hours. Yet wo have to live 
by tho snni its rising and sotting, daylight and night, control 
our actions. 

Mean solar time furnishes a satisfactory compromise. It has 
a time unit wliioh is invariable, and it can bo kept by clocks and 
watches, while it agrees nearly enough with sun-dial time for 
coiivoiuonco. His tho time now used for all puiposos except 
in some kinds of astronomical work. 

I’hc (lifforonce between apparent time and mean time (never 
amounting to more than about a quarter of an hour) is called ' 
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the equation of time and will be discussed hereafter in connoc- 
tion witli the earth’s orbital motion (Sec. 174). 

Since there are 365.2421 solar days in a year (Sec. 182) uud 
one more sidereal day, wo have the following fundamental roki- 
tioii; — the number of sidereal seconds in any time interval: the 
number of mean solar seconds in the same interval : : SG0S4i^l : 
365,2421. 

From this it follows at once that to reduce a solar time 
interval to sidereal, we must divide the number of seconds it 
contains by 3 65. 242 f and add tlie quotient to the number of 
solar seconds. To reduce a sidereal interval to solar, divide by 
366.242 f and subtract the quotient from the niinibor of sidereal 
seconds. 

The Nautical Almanac gives the sidereal time of moan solar 
noon for every day of the year, with tables by means of wliicli 
mean solar time can be accurately deduced from the correspond- 
ing sidereal time, or vice versa^ by a very briefs calculation, 

100. The Civil Day and the Astronomical Day.' — 'The astro- 
nomical day begins at moan noon; the civil day, twelve hours 
earlier at midnight. Astronomical mean timo is reckoned 
around through the whole twenty-four liours instead V)f l)oing 
counted in two series of twelve hours each: thus, 10 a,m. of 
Wednesday, February ^7, civil reckoning, is Tuesday, February 
26.^ 22 o’clock, by astronomical reckoning. This must bo homo 
in mind in using the Almanac. ^ 

iTho a 2 )proa;^ma^e rolaUou liGhveon sUloreal liinonnd moan solnv thiui is very 
simple. Asauming tlmt on Mavcli 22 ilio two tlinos agreo, after Unit dny tho 
sidereal time gains two hours each month. On April 22, therefore, the aldoroal 
clock is two hours in advanco, on .Time 22, six liours in ndvanco, and so on. 
On account of the dllTorlng length of months, this rcoUoaliig 1b slightly errono- 
OU8 In some parts of the year, hut Is usually correct wltlilii four or flvo mluutoH. 
March is taken as the starting-point because It distributes fclio ovrors botior 
than the 21st, For the odd days tho gain may ho taken as four niliuitcs dally. 

2 The astronomical clay Is macle to begin at noon hooauso astronomers iiro 
*‘niglit-blrds,” and would fine! It luconvonlont to have to oliaugo cliitos at 
midnight in the middle of their work. 
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DF/riUTlMTNA'riOK OF TlWi 

In practice the problem o£ determininj^ time always oousists 
in ascertaining the error or cor)'(icfio)i of a timepittec', he., the 
amount hjf which the cloelc or chronometer is faster or slower 
than the time, it ou^hi to indicate, 

101 . Determination of Time by the Transit-Instrument. — ^Tho 
mothotl most oraployetl by astronomers is 'by observations with 
the transit-instrument (Sec. 01). We observe the time shown hy 
the sidereal oloolc at wliich a star of hnown riifht ascension crosses 
each wire of tho reticle. The, moan is taken as tho instant of 
crossing the instrumental meridian, and when tlio instrument 
i.s in perfect adjustment the difference hetwoen tho star’s right 
ascension and the observed cloelc time will he the clock’s 
“error”; or, as a formula, At~a~~U — heing the usual 
symbol for the clock erroi', and t the obsi'vved tiino. 

Tho Almanao supplies a list of several hundred stars wlmso 
right ascension and decUnation arc accurately given for every 
tenth day of the year, so that the observer at night has no dihi- 
culty in finding ii suitable star at almost any time. In the day- 
time lie is, of course, limited to tlie brighter stars, 

I'lie observation of a single star with an instrument in ordi- 
nary adjustment will usually give the error of the clock within 
half a second ; but it is much hettcr and usual to observe a 
number of stars, reversing the instrument njion its Y’s once at 
least during tho operation. Tliis will enable him to dotornnno 
and allow for tho faults of instrumental adjusLinent, so that 
with a good instrument a skilled ohsorver can thus dotormino 
his clock error within about ii thirtieth of a sufjond of time, 
lu’ovided proper correction is applied for his “ ijorsonal oqua* 
tioii” (Sec. Gd), 

If instead of observing a star wc observe tho sun with this 
insU’umeiii, tho time us shown hy the mean solar clock ought to 
be twelve hours jdus or minus the equation of lime ns given in 
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the Almanac. But fur various reasons transit observations of 
the sun are less accurate than those of tlio starsy and it is far 
better to deduce the mean solar time from the sidereal time by 
means of tlio almanac data. 

102. The Method of Equal Altitudes. — If wo observe the time 
sliowii by the chronometer or the clock when a star attains a 
certain altitude and then the time when it attains tiie saine 
altitude on tlie other side of the meridian, the mean of the two 
times will be the time of the star’s transit across the meridian, 
provided, of course, that the chronometer runs uniformly during 
tlie interval. 

Wo may also use stars of slightly differing declination, one 
on one side of the meridian, and the other observed a few 
minutes later on the other side; and by a somewhat tedious 
calculation it is possible to determine tbe error of tlie oloelc 
with practioally the same accuracy as if both observations had 
been made on the same star, and much more quickly. 

If we observe the sun in this manner in the morning, and 
again in the afternoon, the moment of apparent noon will seldom 
be exactly half-way between the two observed times, and proper 
correction must bo made for the .sun’s slight motion in decli- 
nation during the interval, — a correction easily coinputed by 
tables furnished for the purpose. 

The advantage of this method is that the errors of gradua- 
tion of the instrument have no effeot^ nor is it necessary for tliu 
observer to know Ins latitude except approximately. 

On the other hand, there is, of course, danger that tlie second 
observation may be interfered with by clouds. Moreover, both 
observations must be made at the same j^laae, 

103, Marine Method; by a Single Altitude of the Sun, the 
Observer's Latitude being known. — Since neither of the preced- 
ing methods can be used at sea, the following is the mctliod 
usually practised. The altitude of the sun, at some time tohm 
it is rabidly rising or falling (f.e., not near noon), is measured 
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with tliG sextant, and the eorresponding time shown hy tho 
chronomoter aeeiirately noted. 

We then eompute the hour angle of the sun, from tho 
triangle FZS (Fig, 38), and tliis hour angle, corrected for tho 
equation of time, gives the mean solar time at the observed 
niomont. The difference between this time and that shown 
by the chronometer is the error of tho chronomoter on local 
time. 

In the triangle zrS (which is tho same as N/’O in Fig. 8) all 
three of the sides are given: J^Z is the complement of tho 

latitude </», wliieh is sup- 
posed to bo known ; i*N 
is the oomplomont of the 
sun’s deoliiiatiou S, which 
rA found in the Ahnanaa^us 
is also the equalion of time; 
while Zt^ or ^ is given 
by observation, being tho 
complement of tlie sun’s 
altitude as measured by tho 
sextant and corrected for dip, somidiametor, refraction, and 
parallax. Tlie formula ordiiiarily used is 


z 



Fm. ;i8, — nolormliitUtin of Tliuo by Uio 
Stiirn AUlliulu. 


sin i r = 

" ^ cos <ji cos S 

In order to insure accuracy it is desirable that tho sun 
should bo on the iwime vertical, or as near it as ])raotioablo. 
It should NOT he near the meridian^ for at that time the huu 
is rising or falling very slowly, and tho slightest error in tho 
inoasured altitude would make an enormous differpneo in tho 
Ciomputod hour angle. If tho sun is exactly east or west at 
the time of observation, an error of even several minutes of 
are in tho assumed latitude produces no sensible effect upon 
the result. 
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The disadvantage of the method is that any error of gradua- DiHadvan- 
tion of the sextant vitiates the result, and no sextant is perfect. | 

But with ordinary care and good instruments the sea-captain is liniit of ' 
ahle to get his time correct within three or four seconds. ueoumoy. 


When a luiinher of altitude ob-Hervations have been made for tinit!, ami 
it is desired to viaUice tliein separately, ho as to test tlieir agreenuint and 
dctcriiiino tbeir probable error, there is an advantage in using tlie forimila 

cos P = — - X — tan fh tan 8, 
cos 9 cos d 


employing the “Gaussian logarithins” iii the computation. 'I'lie second 
term of the formula and the denominator of tliu lirst term renniin constant 
through the whole series, saving much labor in reduction. 


104. To compute the Time of Sunrise or Sunset, — To solve CaicuiatUm 
this problem we have jrrecisely the same data as in finding the ^ 

time by a single altitude of the sun. The zenith-distance of the siuiHot. 
sun’s center at the moment when its upper edge is rising equals 
90° 51', — made up of 90° plus 10' (tlie mean semidiameter of 
the sun) plus 86' (the mean refraction at the horizon). Tlie 
resulting liour angle, corrected for the equation of time, gives 
the mean local time at whicli the sun’s upper limb reaches the 
horizon under average oircumstances of temperature and haro- 
metrio pressure. If the sun rises or sets over tlie sea horizon 
and the observer’s eye is at any considerable elevation above 
sea-level, the di]) of the horizon must also be added to 90° 51' 
before making the computation. 

The beginning and end of Hvilight may be computed in the 
same way by merely substituting 108°, i.e., 90° -1- 18°, for 
90° 61'. 

BETERMIKATION OE LONGITUDE 

Having now the means of finding -the true local time at any 
place, we can take np the problem of the longitude, the most 
important of all the economic problems of astronomy, The great 
obseiwatories at Greenwich and Paris were established expressly 
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for the pui'i 3 ose of furnishing the observations wliich could be 
■utilized for its accurate determination at sea. 

105. The longitude of a place on the earth may be dehned as the 
angle at the pole of the earth behveen the standard meridian and the 
meridian of the place; and this angle is measured by, and oq[ual 
to, the arc of the equator intercepted hetioeen the two meridians. 

As to the staiulard meridian there is some variation of usage. 
At sea ]iearly all nations at present reckon from the meridiau of 
Cfrecnwich, except the Ifrench, who insist on Paris. 

Since the earth turns on its axis at a uniform rate, the angle 
at the pole is strictly proportional to the time ro(iuired for the 
earth to turn through that angle ; so that longitude may be, and 
now usually is, expressed in time units., ~i.e., in hours, minutes, 
and seconds, rather than degrees, etc., — and is simply the diffei^ 
ence between the local times at Gfreenwich and at the pilaee where 
the longitude is to he determined. 

Since the observer can determine his own local time by tlic 
methods already given, the knot of the problem is to Ilnd the 
Greenwich local time coiTesponding to his own, without leaving 
his place. 

106. First Method: by Telegraphic Comparison between his 
Own Clock and that of Some Station whose Longitude from Green- 
wich Is known, — Tho difference between the two clocks will 
bo tho difference of longitude between the two .stations after 
the proper corrections for cloalc errors., qiersonal equation., and 
time ooeugied hj the transmission of the cdeclrie signals have 
been applied or eliminated. 

Tlio jn’oeoBH usually omployod is as follows : 'I'lio obsorvoi's, afUu’ nscor- 
laiuiiig tluit tlu'.y both luwo clotir woiitlicr, procood early in tlio uvejiing 
to dobsrmino the local timo at oach statbm by an (ixtciiiaivu HnrU!.s of star 
observations with tlio transiUnstrutnont. Tlimi at an lionr agroocl upon 
tho obsovYor at tho oastorn station, A, “switclioH his clock” into tho tolc- 
grapliic circuit, so that its boats urn couuiiunicatod along tho lino and 
received upon, tho chronograph of tlm wostoru station. After tho onstoi'ii 
clock has thus sent its signals, say for two niimitos, it is “switched out” 
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and tho wexlern obsorvcv inits his clock int<) the cii’cnit, so that its heat?? 
are recoivecl upon the eastern ehvonogruph. Soinetiines t-ho signals arc 
coumiunicnted both ways simultaneously, so that tho luuits of botli clocks 
appear upon both chronograph slieets at tho same tinio. Tho operation is 
closed by another series of transit observations by each observer. 

Wc have now upon each chronometer sheet an accurate comparison of the 
two clocks, showing the amount by which tho western clock is slow of tlie 
eastern, and if the transmission of electric signals were iustantaneousj 
the difftweuce shown npou the two chronometer sheets would he identical 
on both, ]j*ractica11y, however, tluu'o will always lx; a discrepancy of some 
hundredths of a second, amounting to lnwc Ihe lime, occupied in the trans- 
mission of the signals; hut the mean of tiu! two differences after correcliui/ 
for the carefuUy (leleriiimed clock errors will he th(! true dilfereuco of lougU 
tudo between ihe places. Especial care must he taken to determine with 
accuracy the personal etiualions of the ohservers, or else to eliminate them, which 
may bo doim by causing tlie observers to cliange places. 

Ill cases where the highest accuracy is required, it is customary to make 
observations of this kind on nob less tban five or six evenings. 

The astronoimcal difference of longitude between two placoK 
can thus bo determined within about of a second of time, i.e.^ 
within about 20 feet in the latitude of the United States. 

107. Second Method : by the Chronometer. — This niotlK)d is 
available at sea. The chronometer is set to indicate Greenwich 
time before tlm ship leaves port, its “ rate ” having been care- 
fully determined by observation for several day.s. In order to 
find the longitude by the chronometer, tlio sailor must determine 
its “ error ” upon local time by an observation of the altitude of 
tile sun when near the prime vertical (Sec. 103). If the chro- 
nometer indicates true Grceiiwioli time, its “ error ” deduced 
from the observation will bo tbe longitude. Usually, however, 
the indication of the chronomotor face must be corrected for 
the gain or loss of the chronometer since leaving port, in order 
to give the true Greenwich time at the moment. 

Chronometers are only imperfect instruments, and it 'is 
important, therefore, tliat several of them should be carried by 
the vessel to checlc each otlier. This requires three at least, 
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"because if only two clu’onomotcrs are carried, and ibey disagree, 
Lliere is nothing' to indicate which is the delinquent. 

Moreover, in the course of months, chronometers generally 
change their rates p'oyremvHy, so that they cannot he depended 
on for very long iiilervtds of time; and the ciTor acenmulatos 
much more rapidly tlmn in proportion to the timo. If, there- 
fore, a ship is to be at .sea more than three or four months 
witliout making port, tlie method hecome.s untru.st worthy. 
Ifor voyages of loss than a montli it is now iiraetieally all 
that could he desired. 

108. Third Method ; by the Moon regarded as a Clock Hand, 
with Stars for Dial Figures. — Before tlio days of reliable eliro- 
nometers, navigators and astronomons wore generally obliged to 
depend upon the moon for their rTreeiiwich timo. The laws 
of her motion arc now fairly well known, so that the right 
ascon.sion and declination of tlii5 momi arc now computed and 
published in the Nautical Almanac, tliroe years in advance, for 
every Groouwicli hour of every day in the year, It is thoroforo 
possible to deduce the Greenwich timo at any moment when 
the moon is visible by making some observation which will 
accurately dotormiuo her place among the stars. 

On land it may ho : 

(fl) 'Tlie direct transilrinslrnment observation of her rijld 
ascensio^i as she crosses the meridian. 

{h) The observation at Urn moment when she otumllH a s/nr 
(incomparably the most acoiirato of all lunar methods) or makes 
contnet with the sun in a solar eclipse. 

(6*) 4'ho observation of the moon's azmulh with tbo univorsal 
iiistrninont at an accurately determined time. 

At sea the only practicable observation is to mcasuro with 
a sextant a lunar dutanee^ ilio disianoo of tho moon from 
some star or planet nearly in her path. 

Sin 00, liowcvov, thn alnituiiio phuic cf tlio moon \h tho plaeo slin would 
apparently occupy jf Hoeii from tho ctmUtr of tho earth, most Umar 
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obsorvations rwiuivo complicated and laborious reductions before they can 
bo used for longitude. Moreover, the motion of tlu! moon is so slow (slie 
requires a month to make the circuit of 8(10°) that any error in tlie 
obsoiwatio]! of her place produces nearly thirty times as great an error in 
tho corresponding Greenwich time and the deduced longitude. It is as if 
one Should try to read accurate time from a watch tliat had only an hour- 
hand. 

109. Other Methods : Eclipses of the Moon and Jupiter's Satellites. — 
A rough longitude can bo obtained from the observation of these eclipses, 
since they occur at the Siinu* moment of absolute tinu! wlicrever ob.servod. 
Hy comparing tho local times of observation with tlm Greenwieh lime 
obtained by correspondence after the event, or from the Almaiiae, the 
difference of longitude at once comes out. d’ho dillicnlty with this method 
is that tho eclipses aro {jnidmd phenomena, presenting no well-marked 
instant for observation, 

On tho same principle artifwUd siyimUt such as Hashes <jf pow'dcr aud 
explosion of rockets, can be used between tw'o stations so situated that 
both can see the flashes. Early in the century the dilfercmce of longitude 
betw'een tho Black Sea and tho Atlantic was determined by moans of a 
chain of such signal stations on tho mountain top.s ; so also, later, the differ- 
ence of longitude between the onstorn and w’ostern (jxtremities of tlio 
northern boundary of Mexico. Tliis method is now’ superseded by the 
telegraph. 

110. Local and Standard Time, — Until recently it IniH boon 
always ons tomary to use local time, each city determining its 
own time by its own observations. Before tho days of the 
telegraph, aiid wJiile traveling was comparatively alow and infre- 
quent, this was best. At present it has been found better for 
many reasons to give np the system of local times in favor of a 
system of standard time. This facilitates all railvdiy and tele- 
graphic business in a remarkable degree, and malcos it practi- 
cally easy for every one to keep accurate time, since it can be 
daily wired from some observatory (as Washington) to every 
telegraph ofTice in the country. According to tho system now 
established in Nortli America, therb are flvo such standard times 
in use, ■ — the oolonialy the eastern., the central., the 

and the JPaoiJio, — which are slower than Greenwich time by 
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oxaotly four, Avc, six, seven, and eighl hours, respetdively. 
'riu; niiiniies and seconds are evorywliero idenlieal. 

At most places only one of these standard times is employed; 
hut in cities wliere different systems join each olher, ;us, for 
instance, at Atlanta and Pittsburg, two standard times aro in 
use, differing h'oin each other by exactly one hour, and from 
the local time hy about balC an hour. In some snob places the 
local time also maintains itself. 

The same system has now been praetically adopted in almost 
all civilized countries. 


Slutifliird 
time In 
ftir«lKn 


On the conlini'nt t»f Kiirope, exct'pl in lliiHain, tlai tiino nsed is one houi’ 
fawL from (Ji'ocinvicli ; in IVt'Ht Aiistviilia, oij^liL Iiouvm fust; in Japan and 
South Aiisti'iilia, nine Uonra; in ■\''iclonaj Queensland, and 'riiHiuaniu, Itni 
hours, (Jjipo Colony U8(is tiinu omi mid oiio-lmlf lioUfM fast from (;reou\YU!li 
time, and I^'ew /Ceiiliind olovon and oiio-lialf liours fust. 


Tlio 1 )ck 1 ii- 
nln^ <»f lliii 
flay al Mio 
JKOtJi mo- 
riUiuii. 


Ill order to determine the standard time hy olworvatiou it 
is only necessary to determine tlie local time hy one of the 
methods given, corrocting it hy first adding the observer's longi- 
tude west from (rreoiiwich, and thou deducting the necessary 
integral number of hours. 

Ill, 'Where the Pay begins. — It is evident that if a traveler 
were to start from (Ireenwleb on Monday noon and were by 
soino means able to travtd westward along the parallel of lati- 
tude as fast as the earth turns eastward beneath his feel, he 
would keep the sun exactly upon tlie meridian all di\y long 
and have continual noon, ilut what noon? It was klontlay 
noon when ho started, and when he gets buelc to [jondou 
twenty-four hours laLov ho will find it to he d'uesday noon there. 
Yet it has heoii noon all the time. When did Monday noon 
hocomo Tuesday noon? 

It is agreed among mariners to make ike rhinuc of date at the 
1 HO ik meridian from Oreonioiek^ which jjasses'ovor the Jhicifio 
liardly anywhere toiuhiiig the laud. 
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Ships crossing this lino from the emt one day in. so LDssnrguiH 
doing. If it is Moiidiiy aftornoon wlioii a shii) roaches the 

1 . . 1 r - 1 , vcs.sols pass- 

lino, It hocomes Tuesday afternoon tho inonient sho pusse-s it, iHg tho 

the intervening twenty-four liours being dropped from tho <tiio-lino. 

reckoning on the log-book. Vice versa^ when a vessel crosses 

tlic line from the toedern side, it counts tho same day twice 

over^ passing from Tuesday back to Alonday^ and liaving to do 

Tuesday over again. 


Tliei’o is considerablo irregularity in the date actually lisetl on the Tliodiilc- 
different islands in the Pacific, as ^Yill be seen by looking at tho so-called 
dale-line as given in the Century Atlas of tho World. 'J'hose islands which 
received their earliest European iidnibitants via the Capo of Good Hope liav(5 
adopted the Asiatic date, oven if they really lie (iast of tho 180th ineridinn ; 
while those that were first approached via the American side have the 
American date. AVhen Alaska was transferred from Hussiiv to tho United 
States, it was necessary to drop one day of the week from the ofiloial dates. 


P,LACE OF A SHIl^ AT’ SEA 

112. Determination of the Position of a Ship. — The dotorini- 
nafcion of the place of a ship at sea is commercially of such 
importance that, notwithstanding n little repetition, wo collect 
hero the different metliods available for tho purpose. They 
are necessarily such that tho requisite ohsorvations can be 
made with tlie sextmit and chronometer, tho only instruments 
available on shipboard. 

'\'\\Q latitiuU is usually obtained by okservations of tlie surds Doiormiim- 
altitude at noon, acoording to the rnothod explained in Sec, 90. 

Tiro longitude is risually found by determining the cri'or upon tuclo and 
local time of the chronometer, wJiich carries Greenwich time, longkiwlo- 
(See Secs. 103 and 107.) 

Ill case of long voyages, or when the chronometer has for 
any reason failed, the longitude may also be obtained by meas- . 
uring lunar distances and comparing them with the data of the 
Nautical Almanac. 
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These methods require seiiarato observations for the latitude 
and for the longitude. 

113, Sumner’s Method. — At ^Ji'cseiit a method known us 
Smmer'n Method^ liecause first proposed by Captain Sumner of 
Boston, in 1843, lias coino largely into use. Tt is liasod on the 
principle that any single observation of the sun’s altitude, giving, 
ol counso, its zeniLh-di&Utnce at the time, determines the so*ealled 
circh of ]}o%ition on wliieli the ship is situated. 4'ho eenter of 
this circle of position on tho earth’s surface is the point directly 
imdor the sun at tho moment of observation. Tho longitude of 
this point is the O-reemoioJi apparent time at the moment of 
observation as determined by the chronometer, and its latitude 
is tho sun’s deoUnatiori, Tho radius of the circle of position 
(rookoned in degrees of a groat circle from this center) is iho 
observed miith-distance of the sun, 

A second observation made some hours later will give a 
second cii’olo of position, and if tho ship has not moved mean- 
wliilo the intorsootion of tho two circles will give tho iilaco of 
iho ship. 

Tlio cii'clcs inteiwoct at two points, of oourso, but at which 
one tho .ship is situated is never doubtful, bccauso the npjiroxi- 
niato azimuth of tlio sun, observed simply as a compass bearing, 
tells rouglily on wliat part of tho circle tho shij) is placed, 
If, for instance, tlio sun is in tho southeast at tho first observa- 
tion, tho shi|i must bo on the novthwc, stern jiarl of the corre- 
aponcling oirolo of position. 

If the ship has moved between iho two observations, as of 
course is usual, its motion as determined by log and compass 
can bo allowed for’ with vory little diffieulty. 

114:i Usually tlio.inaltm’ is truulcfl ns follows: 'riio laUludit of Lliw 
vcssol is pvacUciilly always known wilhin a dogroo or so, from tlio “ileud 
reckoning’* sinco iho last obsorvaiion. Suppose tile laiitudc in known to 
bo about 5P; then, from the Ilrst (morning) obHervul.iiin of the sun’s 
alUludo and tlio chronoinoter time, the navigator eoiiquites the lonyiltule, 
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00 


fmmning the lalUuiie to he and fuidH iL to In*, say, RF Aj'uin, 

aasmnjng tlio latitiida to lie ln5 guts d;3® 2(1', and niarkn tliei Lwo ciom- 

pnted longitudua at A and B on llm tdiart (I'Mg. !]£»). A lino drawn t.Iironglj 
tlieso iioiufcs will bo vcny noarly a part of tlio vcsHsid’s eivchi of jKisidon at 
tlu! tinio of that obsorvatinn, 

From tlio .socond (afternoon) obmn'vation Lho poiiilM (! and 7> aro 
computed in tlicj same way, giving a piooi^ of tlio Hijcond cindo of iioHition. 

Suppose now that in the interval tliii Hliip luis rnovod (30 niilos nti a 
course? nortli 00° west. From the points A and Ji lay oil 00 inihia on tho 
cliart in the proper 
direction to tlui points 
a and h, and join oh 
by a line. S', tlio in* 
tersection of this line 
w’ith tho line CD, will 
bo the position of the 
sliip at the time of 
tho .second observation 
Avith all tho approxi- 
mation necoRsary for 
tho navigator’s pur- 
po.se ; and if wo reckon 
back 00 miles from S', 
wo shall find S, the 

ship’s position in the Fio, JK). — Sumiior’s Meiliofl 

morning. Tliero arc, 
however, extended tables Avliich greatly rodiioo tlio labor of coiiiimtiitioiiH 
and make the result more acournto than tluitidorivod from tho ciiai't. 

The peculiar advantage of the mctliod is tluiL oaeli olmoi’va- 
tioii is used for all it is AA^orlh, giving uccuratoly tlie position KHpomtlhtr 
of a line upon wliicli tho vessel is somoAvliero situated, and ’‘■'haniuKo. 
approximately (by the studs asdnuitli) its position on that liiui. 

Very often this knowledge is all tliat the mwigatoi* needs to 
give him the knowledge of his distanoo from huul, even avIioji 
ho fails in getting tho second olwervatioii noocssaiy to dottsi'** 
mine liis precise loeation, Everything, hotvever, deyr.nds itpon Jiimtiutvi* 
the correct/ims of the Cfreenwiah tima given hy the chronotnuivr, ‘b'‘'‘">wh'h 
jiisr. as ill the ordinary method of longitude cletei’ininiitioii. 
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115. Determination of ” Azimuth.” — A t>rohloin, im](ortaiil., though 
not so often encountered as tlint of lutitude and longiiudo dotnrmiiiations; 
is that, of dotormining llie “azimuth/' or “ true benriug,” of a lino upon 
tire earth’s surface. 

With a theodolite having an aconrntidy graduated liorizontal circle the 
olisorver points alternately ujion the poh'-star and upon a distant signal 
erected for the purpose at a distance of say half a mile or move, — nsnally 
an “ artificial star ” eonsisling of a .small hole, in a plate of metal, with 
n lantern hehind it. At each pointing ho notes th(! lime hy a sidon'al 
chronometer. 'J'ho llieodolile must ho carefully adjusted for collimation, 

and especial pains must ho taken to have the 
axis of Uie loleseoiic perfectly level. 

The next morning hy daylight tins olrsorvm' 
measures tlio angle or angles h(*t\veen th(i 
night signal and Unr ohjeels wlio.se azimuth 
is required. 

Tf the pole-star were exactly at Uie pole, 
the more difference between the two readings 
of the civele, olitained when lln> telescope is 
pointed on tli(^ star and on tlio signal, would 
directly give the azimuth (d the signal. As 
this is not the case, the, uziiniilh of the star 
must ho computed for tin' moment of each 
observation, which is easily done, as the 
right ascension and deolination of tlio star 
nvo given in the Almanac for <n'ery day of the year. 

llefcvring to h'ig. '10, N being the norlli point of the horizon, P the polo, 
and NZ the meridian, wo see that 7hS' is tlm polar distance of the star, or 
csnnploniont of its declination, the side is the coniplonient of tlio 
observer’s latiUide, while tlio angle at P is the hour angle of the star, f.e,, 
the difference between the right nseension of ilie slar nnd Ihn sidereal time 
of observation. 'J’bis bom* nnglo must, of course, bo reduced to tlftjives 
before making the computation, Wo thus liavo two sides of the triangle, 
viz,, PS and PZ^ with tlm included angle at P, from whicli to compute 
the angle Z at the zoliith, 'rids is the star’s nzimutb. 

Tim pok*-.slar is u.s(*d rnllmr than any ollmr Imoanse, ln*lng so near 
the polo, any sliglit error in Urn assumed latitude of Iho plu<*e or in tlio 
time of tho observation Avill ]iroduco hardly any cITeot upon the result, 
OBpQoially if tlie star be observed lu'ur its greatest elougatiou east or west 
of the polo. 
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Tho sun, or any otliov lieavonly hotly wlio«« position is givon in tlio 
Ahuanac, can also bo used as a rernronco point in tho same way Avhon nour 
tho horizon, provided sufliciont care is taken to secure aii rtcc«^’«^e observa- 
tion of the time at the instant Avhen tho pointing is made. But tho re-sidts 
are usually rough compared Avith those obtained from the pole-star. 


BKTEilMINATIOIir OF THE TOSITIOH OF A 
I-IEAVENT.Y BODY 

116. Tho “position” of a lieavenly hotly is tlefinecl hy its 
riglit ascension and declination. Tlieso may he determined : 

(1) By the 07ierid{an~circk\ provided tho body is bright onoug'h 
to he seen hy tho instrument and crosses the meridian at 
night. If the instriinient is in exact adjustment, tho sidereal 
time tohen the object crosses the middle wire of the retide of 
the instrument is directly the riyht ascension of the object 
Corrections are necessary only on account of errors of tho clock, 
oiTors of adjustment of the instrument, and personal equation 
of tho observer. Parallax and refraction do not enter into the 
result. 

The reading of the circle oi tho instrument, corrected for 
refraction, and for pai'allax if necossaiy, gives the polar distance 
of tho object if the polar point of tho circle has been deter- 
mined, or it gives tho zenith-distanco of the object if the 
nadir point has been determined (Sec, C9).. In either case tho 
declination can be immediately deduced. A single complete 
observation, therefore, with tho mei'idian-cirole, determines both 
the right ascension and declination of the object. In order to 
secui’e accuracy, however, it is desirable that tho observations 
should be repeated many times. 

It is often ' better to use the instrument “ diHercutially,” 
to observe some neighboring standard star or stars of accurately 
known position, soon before or after tlie object whoso place is 
to bo determined. We thus obtain tho difference between tlie 
right ascension and declination of the object observed and others 
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which aro luauuuUily known ; and in this ease sliglit errors in 
tlu 5 gnidniitioii and ad jus linen 1. of tlio insiriimeui afl'cci; llio final 
msnl I very lUllo. 

^Vllon ii hody (a (join o I, for inKtancKs) is too faint to ho oliservod 
hy tlio ioloHeopo ol the nnnidian-cirolo, wliieli is S(>ldom vory 
powerful, or when it docs not (ionio to tlio inoridiau during the 
night, wo must aooompllsh our ohsorvaiion with soino instrument 
that can pursuo Uic object to any part of the heavens. At 
prcHout the etiuatorial is almost oxoliisivoly used for tlio purpose. 

117. (2) Hu the {‘(lualoriid, AVilh tliis wo determine the posi- 
tion of a body by measui'ing the di{ference of rujlii ascemwn and 
decHuation between it and some neighboring star whose place 
in given in a slar-(!a.talogiie, and, of course, has been aecuratoly 
doterminod hy the moritliau-eirelo of some obsovvaLory. , 

In measuring this difCerenco of right ascension and deolination 
wo iiBiiaily employ a nucroniotGi’ (Sec. 71) fitted with wires like 
the reticjlo of a moridian-eirelo. It carries a nuinher of fixed 
wives wliieh are sot aeeurately north and .south in the field of 
view, and those are crossed at right angles hy one or more wire.s 
wliieh can be moved by the mie.romoter screw. The difforoneo 
of n‘f//d, am-mion between the star and the object to be detor- 
iniiuid is measured by elainping the teleseopo firmly and simply 
observing and reeoi’dlng upon the ebroiiogiuph the transits of 
the two objects across the wires that run north and south; the 
dilTereneo of doelbmtion, hy hiseeting each object hy one of 
the niuironieter wires as it (siaissi's the middle of the field of 
view, 'flic differenee of the two inieromeier readings gives the 
dilTereneo of (leelination. 

'riie ohaerved diil'erencos must ho eorreeted for ro fraction 
and fur the motion of the body during the time of observation. 

The mooHurennmt may also he made with the])osition mioroni- 
eter by moa.snring the angle of po.Hiiion and .distaiieo between 
the object lunl tlie star of eoniparison, as it is ualled. 
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Instead of using a micrometer wo may employ pliotogmpliy. PottH'inlnu- 
For tliis purpose the telescope is fitted witli a plate-liolcler in ,,j. 

idace of the eyepiece, and is accurately driven by olookwork. iihoKiK- 
On the sensitive plate a photograph is obtained of all tho stars 
in the field, and also of the object; and' the position of tho 
object is afterwards determined by measuring the plate. It is 
found that detorminationa of extreme accuracy can bo made in 
this way, and tlie method, is rapidly coining into ox tensive uao. 

EXERCISES 

111 cases where covvectioiia Cor refraction ani retiuived tlmy ar<' to Ite 
talcon from Table YIII (Appendix), taking into acdoinit the t(!niinn’i'itni’e 
ami barometric prossnre, if given among tin*, data. If prel'erred, tlie Htudmit 
maj' also use Comstock's formula (See. H*J), I'ho resnlts I'm* (ixumple 1 
have their corrections computed by the regular refraction tables, mid the 
approximate results obtained by tho student may dilfer from tliein by a 
considerable fraction of a second. 

1. Given the following meridian-circle observations on /S IJrste Miuoris 
at its upper and lower culmimi Lions, respeetively, vi/.. i 

Altitude 55° 48' 00".0, temporature 00° .F., baroiiietcu’ 00,1 inolKis. 

24°58'50".4, 25° F., “ 00. 1 <> 

Tho nadir reading (Sec. GO) was 270°01'00".8 in both cusos. HequiretL 
tho latitude of tlic place and tlio declination of tho stiir. 

Lilt, 40° 20' 

Dec. 74° iM' 40".. L 

2. Given tho meridian altitude of tho sun’s lower limb G2° 24' 4.5", the 
height of the observer’s eye above the siia-levol being f(t feet (See. 77). 

Tho sun’s declination was -|- 20° 55' 10" and its semhliamotiu' 15' 47". 

Its parallax at tho observed altitude was 5" mid th(« mean refraction from 
'J'ablo 'V'.ril may be used. Required the latitude of the ship. 

vl«.v. -I- 48° 10' 

3. The sun's meridian altitudo on a ship at sea is olisnrvnd to ho 8(.)° 15' 

(after being duly corrected) ; tho sun’s doclination at the time is 10° 25' 
south. What is the ship’s latitude ? 

4. ITow much will a sideroa-l clock gain on a mean solar eloidf in :l(l 
houas and 80 minutes V 

yln.<. iT'lii.Gs, 
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6. How many times will the seooiKl'haud of a aidoreal clock ovcftakc 
that of a solar clock in a solar day if tlicy start toffctlicrV 

J»s. 2:10 times, 

6. At wlmt intervals do the coincidences i)CcnrV 

Aux. (l'«r).2-12«, 

7. Reduce 10 Imiirs dO iinmites and 25 seconds of iiumn tiino to 
Kiileroal time, (Heo Se{‘, 00.) 

8. Heduce 10 lionrs dO minutes and 25 st'conds of aid(‘veal tinm to 
solar time, 

9. Wlint is the approximate siderfud time on July 50 at 10 imu.V 

iSVd?di(Jii by note tn .Sec, fW, July 22, noon sld, time == 

8 days gain _ ;]2 

Rid. time at noon 8*':}2'“ 

10 Imurs = aid. 10 1/1 
Sid, time at 10 e. m. IH'Wl^m 

10. lAnial is the approxinialo sid(‘veal time on O/ilober d at 7 a.m. 
civil reckoning ? 

11. In determining longitudes by tehigraph, will it or will it, not make 
any difTcronco whether siilereid or solar clocks are used by the ol)HnrverH, 
provided botli use llie aanu' ? 

12. A ship leaving Ran k'rnnciseo on 'Ihiesday inoniiiig, Oetober 12, 
reacln'H Yokohama after a ]iassage of (>\actly 10 days. On wluiL day of 
thts month and of the week does she arrivi*? 

13. Kcliirning, the same vessel leaves Yok»)haina on Ral,urday, 'Novein- 
hcr (), and nsiches Han Ji’raneiseo on 'l'm‘sdiiy, November 2:1. I low many 
days was she on the voyage Y 


CHAPTEll V 


THE EARTH AS AN ASTRONOMICAL BODY 

Its Form, Rotation, and Dimonsloiis — Mass, Wolf^lit, and fTrjivltation — Tlio Ktu-tli’s 

Mass and Density 

118, In a science which deals with the heavenly bodies it 
might seem at first that the earth has no place ; hut certain 
facts relating to it are similar to those we have to study iii 
the ease of sister planets, are ascertaiued hy astronomical 
methods, and a knowledge of them is essential as a basis of all 
astronomical observations. In fact nstronomy, like charity, 
“begins at home,” and it is impossible to go far in the study 
of the bodies which are strictly “ celestial ” until one lias 
acquired some accurate knowledge of tho dimensions and 
motions of the earth itself. 

119, The astronomical facts relating to tho earth are broadly 
these : 

(1) The earth is a great hall about 79^0 miles in diameter. 

(2) It rotates on its axis once in tiventy-four sidereal hours, 

(3) It is not exaotlg spherical,^ Imt is flattened at the poles^ the 
polar diameter being nearly 27 miles,) or probably a little more 
than one three-hundredth part less than the eqxuitorial, 

(4) Its mean density is between 5M and 6,6 as great as that of 
tuater,, and its mass is represented in tons by 6 loith twenty -one 
ciphers following (six thousand millions of millions of millions 
of tons), 

(6) It is flying through space in its orbit around the sun zuith 
a velocity of about 18^ miles a second^ or nearly 100000 feet a 
seeondy - — about thirty-three times as fast as the swiftest modern 
projectile. 
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I. BOTUNDITY AND SIZE OF THE EABIT-I 

130, The Earth’s Approximate Form. — IL is not nceossary to 
dwell on the ordinary familiar proofs of iho earth’s glolnilariiy. 
One, first (piotecl by Galileo as absolutely couclusivo, is that 
the outline of the earth’s shadow seen, upon the moon during a 
lunar eclipse is such as only a sphere could oast. 

We may add, as to the smootliness and roundness of tlie 
earth, that if represented by an 18- 
inch globe, the difforenco between 
its greatest and least diamotors would 
be only about of an inch, the 
highest mountains would projeot only 
about of an inch, and the average 
elevation of continonts and <lepths of 
the ocean would bo hardly greater 
on that scale than the thick ness of a 
film of varnish, llolativoly, Iho earth 
is much smoother and rounder than 
most of the lialls in a bowling-alloy. 

131. The Approximate Measure of 
the Diameter of the Earth regarded as 
a Sphere. — (1) Hy an arc of merid- 
ian, Thovo are various ways of deter- 
mining the diameter of the earth. 
T’ho simplest and best is liy inoasuring 
the lenylh of an aro. It consists essentially in aatronomioal 
mea3ura7nenL8 which dolormino iho distance between two seloelcd 
stations (several hundred miles apart) in deyrees of the earth’s 
circumCeronco, combined with yeodedo in(3asuromGnis giving 
their exact disianco in miles or kiloineicsvs. 

The astronomical determination is most easily made if tho 
two stations are on tho same terrestrial mei'idian. 'riion, as is 
clear from l^ig. ^I’l, tho distance al> in degrees is simply tho 
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difference of latitude between a and b. The latitudes are best 
detornnifed by z;euith'-telescoi )0 observations (Sec. 92), but any 
accurate method may bo used. 

The linear distanoe (in feet or meters) is measured by a 
geodetic process called triangidation. It is not practicable to 
measure it with sufTicieiit accuracy directly, 
as by simple “ chaining.’’ 

Between the two terminal station>s (A. 
and //, Fig. 42) others are selected, such 
that the linos joining thorn form a com- 
plete chain of triangles, each station being B 
Visiblo from at least two others. The 
angles at each station are carefully meas- 
ured, and the length of ono of the sides, v 
called the hascy is also measured with all 
possible precision. It can be dojie, and is 
done, with an error not exceeding an inch 
in 1 0 miles. (^ U is tlie base in the figure.) 

Having the length of tlie base and all the 
angles, it is then possible to calculate every 
other line in the chain of triangles and to 
deduce the exact tiorih and south distance 
{Ida) between Id and A, An eri'or of more 
than three feet in a hundred miles would 
bo unpardonable. 

In this ^vay many arcs of meridian liavo 
been measured the average of which (for they differ, because 
the earth, as wo sliall see, is not quite spherical) makes tlie 
length of a degree 69.1 miles, the mean ciroumforonco 24876 
miles, and the mean diameter 7918 miles. 

122, The ancients understood the principle of the operation 
perfectl 3 ^ Their best known attempt at a measurement of the 
sort was made by Kratosthones of Alexandria about 260 P.o., 
his two stations being Alexandria and Syene in Upper Egypt. 
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Method i)f 

JSnitJJh- 

ihuiiTO. 


I'lXlHU’l- 
liKMlinl 
oxisibilioii 
<»£ curv'iitiiro 
t»r ('(irlli’H 
Kill' Taco. 


At SyciiG lie observed thni ai noon of Uie longest day in snmnier 
there ‘was no shadow in the holtoin of a well, the sun being 
then Yertically overhead. On the other hand, tlie gnomon at 
Alexandria on the same day, by the length of the shadow, gave 
him of a eiHiuinferenee (7” 15') an the distance of the snn 
from the xonitli at that i)lace. This ■jig- of a circumference is, 
therofoi’c, the difference of latitude between Alexandria and 
Syeiie, {ind the circumference of the earth must ho fifty times 
the linear distance hotweou those two stations. 


'I'lip wcalf place in his work was I, he nienauvenioiit of this linear (H.stancii 
lietweon the two places. lie stales it as hOOO stadia, without telling how it 
was tneusiived, thus luakiug tlu- circuinfcreuee o£ the earth yfiOOOO stadia, 
which may he exactly right ; for we do not know the length of his stadium, 

uor dot's lu» give any 
account of tlic means 
by ivhieli ho measured 
the distance, if he ineas- 
uretl it Hi all. (There 
ficem lo have Jm'cu ns 
many dilTerent stadia 
among Uin ancient iiU' 
lions as there wore kiiuls of in Kuropc at the begiuning tjf tlie 

eentury.) 

The first really valuahlo ineusure of an arc of llio mi'ridian was that 
ntadc by Picard in AbtrLhern l•’rane(} in Jd71, — the iiuuisure which Bt*rved 
Newton HO well in his verillcation of the idea of gravitation. 
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123, (2) 'J’iic eurvatui'o of the oartli’s surface i.s easily dcmoii- 
stratod, and an approximate estimate of its diameter ohtaiuotl, 
by liio following method, hired upon a roaHonahly level piano 
three rods in lino, a mile apart, and out off their tops at the 
aaino level, ciircfully determined by a sui'voyor’s leveling-instru- 
ment. It will then ho found that the lino J(l (Fig, 48), joining 
the cxlromitics of tlio two tormiiuil I’ods, when norreoled for 
re/mciioni iiasacs about 8 inches below /f, iho top of the 
iniddlo rod. 
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(On account of refraction, liowovcr, wliicli ourvos tlio lino of 
sight between yL and C, tiie result .cannot be inado exact. 
ohsarved value of BJ) ranges all tho way from 4.5 to 6.5 inohe.s, 
according to the teinporature.) 

Suppose the circle ABC oonipletecl, and that 1C is tho [joint 
on tho circuinferonce opposite A’, so that 7? /i' equals (ihc diiuneUn.’ 
of the earth (= 2 7i^). 

By geometry, BJ) : BA = BA : BIC^ or 2 it’, 
whence B, = - I y/: - ; 

Ji ji.l) 

Now Byi is 1 mile, and BJ) = 8 iiiclicK, or ^ of a foot, or i, 
of a mile. 

Hence, 21i (tlie earth’s diaiuetci') = 7020 niilcH, — a very fair 
approximation. 


II. THE NOTATION OE THE EAB.TH 

124. Probable Evidence of the Earth’s Rotation, — At tho tit no 
of Copernicus tho only argument ho (tould bring in favor of 
the earth’s rotation was that this hypittliesis was niueh more 
probable than tho older one that tho groat heaven s tliomaulvoH 
revolved, All tlie phenomena then hiotvn would bo sensibly 
the same on eitiier supposition. Tho apparent diuriuil motion 
of the heavenly bodies can be fully aecoiinted for witliiii tbo 
limits of observation then possible, eitlior by supposing Ihivt 
the stars are actually attached to an immonse oolesthil sphere 
which turns around daily, or that the cartli ilsulf rotates iiijon 
an axis; and for a long time tlie latter li}q')othGsis seemed to 
most people less probable than the older and more obvious one. 

A little later, after the invention of tho telescope, analoffff 
could bo adduced ; for with the telescope wo can see that tho 
sun, moon, and many of the planets are rotating gloljos. 

Within the last century it has become possible to riddueo 
experimental proofs which go still further and absolutoly 
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demomtrnic the eartli’s rotation. Some oi them oven make 
it visible, 

lispcTi- 125, Foucault's Pendulum Experiment. — Among these cxpcri- 

pi’OoXs tho most impressive is the pendulum cxi)criment, 
thocurih’s clevised and fimt executed hy Foiioault in 1861. From the 
tiTFmiL'iIit Panthdou in Paris he hung a heavy iron ball aljout 

Jiondiiiilin! 0- ill diameter by a wii’O more than 200 feet long (Fig. Id). 

A circular rail some 12 feet 
aci'oss, with a little ridge of sand 
built upon it, was placed in such 
a way tliat a pin attaohed to the 
swinging hall would just scrape 
tlio sand and leave a mark at 
each vibration. To put the ball 
ill motion it was drawn aside by 
a cotton cord and loft for hours 
to come absolutely to rest: then 
tho cord Avaa hirncd and tho 
pendulum started without jar to 
swing in a true plane. 

Hut this plane at once hogau 
a])piircntly to devialc slowly to- 
wards the riyht, in tho direction 
of tiie hands of a watch, and 
IKiiidulum hall cut 
the sand ridge in a now jilaco 
at cacli swing, shifting at a rale Avhieli would carry it comjilotcly 
around in about thirty-two hours if tlio pondulum did not first 
como to re.sl. In fact, t)io floor of the Panthdon was really and 
visildy turning under tho ))lano of tho vibrating jioudulum. 

Fig. 46 is copied from a newspaper of that date and shows 
tlio actual appoaraiieo of tho a])piuutus and its suiToundings. 

'J'ho oxpoi'iniont created groat enthusiasm at tho timo and lias 
Binco boon froquontly repeated. 
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126. Explanation of the Foucault Experiment. — The approxi- 
mate theory of the exj-jeriment is very simple, A swinging 
pendulum, suspended so as to be equally free to &toing in any 
plane (unlike the common clock pendulum in this freedom), if 
set iij) at the pole of the earth, would appear to shift completely 
around in twenty-four hours, lieally in this Ciise dhe piano of 
vibration remains unchanged while the earth turns under it. 
This can easily be understood by setting up on a table a similar 
apparatiTS, consisting of a 
ball hung from a frame 
a thread, and then, while 
the ball is swinging, turn- 
ing the table around upon 
its casters with as little jar 
as possible. The plane of 
the swing will remain un- 
changed by the motion of 
the table. 

It is easy to see, more- 
over, that at the earth’s 
cciuator there will be no 
suoh tendency to shift; 

while in any other latitude 
,, . Fm. 4H. — Eoiicault’s I’oiKlnhun In tlio 

the enocfc will bo interme- pluaii{?oii 

diate a,nd the time for the 

liendulnm to complete the revolution in its plane will b6 longer 
than at the pole. 

The nortliorn edge of the floor of a room in the northern 
hemisphere is nearer the axis of the earth than is its southern 
edge, and therefore is carried more slowly eastward by the 
earth’s rotation. Hence, the floor must “skew” around con- 
tinually, like a postage-stamp gumined upon a whirling globe, 
anywhere except at the globe’s equator. A line drawn on 
the floor, therefore, continually shifts its direotion, and a free 
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pcncluluin, set at iii’st to swing along such a line, nuisl appar-^ 
ently deviate at the same rate in the opposite direotiun. 

It can he proved (see Q-eiiGral ABtrommy^ Arts. 140, 141) 
that the hourly deviatitm of a houcauU pendnluni equals 15° 
multiplied liy the sine of the latitude. In the latitude of iSow 
York it is not quite 10° an hour. 

In the northern lieinisphero tlie plane of vibration, as already 
stated, moves around with the hands of a wateh. In the 
southern the motion is reversed. 

127. There are various other doinonstratioiis of the eartli’s 
rotation which we merely mention, referring to tlio author’s 
General Astronomy for their disoussion : 

(«) By the gyroscope^ an experiment also due to Fouiiiiult. 

(Zi) By the slight eastward der)iation qf bodies in fnlHnjj from a 
height. This deviation is, of course, zero at the pole and a niaxi- 
inuin at the equator ; it varies as the cosine of the latitude, other 
tilings being equal, and amounts to about one inoh in a fall of 
600 feet for a station in latitude 50°, The idea of the experi- 
ment is due to Newton, hut its execution has boon carried out 
only during the past century, by several hhiropean oliservors, 

If the earth wore strictly s])herioid, and if gravity were 
directed to its center, there would also be a slight deviation 
towards tlio equator. But Laplace has shown that, as things 
are, no sensible deviation of that kind takes place, 

(o) By the deviation of projectiles to the right in the northern 
hemisphere, to the left in the southern. 

(d) By various phenomena of meteorology and jiliysical geog- 
raphy, — such as the direction of tlie trade and antidrado" 
winds and of the groat ocean curi’enLs, and the coiui tor-clockwise 
revolution of cyclones in the noidhern hemisphere, reversed in 
the southern, 

It might at first seem that the rotation of the eartli once a 
clay is not a very rapid motion, but a point on the equator 
travels nearly 1000 miles an hour, or about ’1500 feel a second. 
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128. Invariability of the Earth’s Rotation. — It is a question 
o.f great importance whether the day ever changes its length, 
for if it does our time unit is not a constant. Theoretically, 
some change is almost inevitable. The friction of the tides 
and the deposit of meteoric matter on the earth’s surface both 
tend to retard its rotation ; on the other liand, the earth’s loss 
of lie at by radiation, and its consequent shrinkage, tend to 
acoelerate it and to shorten tlio day. Then geological causes 
act, some one way and some the other. 

At present wo can only say that the change which may have 
occurred since astronomy has been accurate is too small to be 
surely detected. The day is Gertainly iiot longer (U' shorter by 
part of a second than it was iii the days of Ptolemy, and 
probably it has not altered by of a second. The test is 
found in comparing the times at which celestial phenomena, 
aucii as eclipses, transits of Mercuiy, etc,, have occurred during 
the range of astronomical liistory. 

Professor Newcomb’s investigations in this line make it 
liigldy probable, however, that tlm length of the day Ims not 
been quite constant during the last 160 years. There are 
suspicious indications that Groeiiwioh noon has, at irregular 
intervals of from tliirty to fifty years, sometimes come too early 
by as muoli as four or five seconds, and at other times fallen a.s> 
mucli beliind. Astronomers are somewliat anxious on the sub- 
ject, because if the earth’s rotation sliould turn out to bo capri- 
ciously ohangoable in any sensible degree, it would compel us 
to look for some new and indopGiidont unit of time. 


KFRRGTS OF 'I’ll 10 KARTri’S RO'l'A'IMON UI’ON ORAVriT ON 'I'lITO 
BARTH'S SURli’ACB AND UPON 'rillO BARTH’S FORM 

129. Centrifugal Force due to the Earth’s Rotation. ^ — As the 
earth rotates on its axis every particle of its siu-face is sul)- 
jeoted to a “ centrifugal force ” directed perpendicularly away 
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from the axis, and this force, (7, clcpoiids npon the velocity of 
the particle and the radius of the circle in ndiich it moves. 
According to a familiar loriniila, tins centrifugal force, P, 

cmials ^-{Vhijsm, p. 74). An c(jui valent f(»nnnla, often nioro 


couvenioui, is C = ^dico I otpials 2 TvJt , the oircuinfor- 

enco of the circle, divided hy 7', the tune t)C levolulion. I Ids 
gives C as an ‘‘ acceleration ” (in loet jier second), just as gravity 
38 given by //. 

The equatorial radius of the earth being 20 02(1202 foot, 
and the time of revolution, or tlio sidereal day, being 80107 

mean solar seeonds, wc Ond 0, 111 2 
faei jier soeond, or t.OOd inches per 
second. Tliis is ^ part of //, wiiich 
is 080 inches per Hc.ooud. At the 
earth's ctpiator, Uioroforo, (’(|Uh1s 

zi'ii O' 

Since contvirugal force varies with 
the square of tiio velocity, and 280 
is the square of 17, it at)pearH that if 
the earth revolved seventeen times «s 
swiftly, Iceeping its present size iiml form (an impossible suppo- 
sition), bodies at the e (pi a Lor would lose all their weight; and 
if the speed were itKo'easisd beyond that point, every tiling on 
the surface the re would lly off unless fastened down. 

At any other latitude, ussiinung the earth to he sphorionl, 
wliioli is sulTiciently accurate f(tr our purpose, the 

radius of the cirele doscrihed hy M (I^'ig. td) is 4 /A, wldeh 
equals il ens (jii ?.(*., at any latilmh' t))u (Mmti-jfngal foree c’ 
equals 0 cos (/> ^- x (!os r/i, lieeoming, therefore, '/.oro at 
(he pole, 

130, Effects of Centrifugal Forco on Gravity. -At the equator 
the whole eentrifugal foi’eu is (qiposed to gravity, so that bodies 
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there weigh on this account loss (weighed hy a spvinif- 
halanoe) than they would if the earth did not rotate j but the 
direction of gravity is not altered. Elsewhere, except at the 
pole itself, both the amount and direction of gravity are 
affected. 

(isi) Diminution of (gravity. Referring to the figure, ■W’O see 
that the centrifugal force M'I\ or c, is resolvahlo into two compo- 
nents, of which MR acts radially in direct opposition to gravity 
and equals MT x cos TMR = c cos = C' cos® j), 

{!}) Qhanye of Direction of Gravity. the other compo- 

nent of c, acts horizontally towards the equator and eiiuals 
C cos (f) sin ^ G sin 2 
It acts to make the plumb-line 
iiang away from the radius 
towards a point between 0 
and Q. 

In latitude 46® this hori- 
zontal force has its maximum 
and is about part of 
tlie whole force of gravity, 
causing the plumb-line to 
doviilte towMds tho eqimtor Ro. «— BHiet or^Eartii'n Botoilm. on iw 

about 11' from the radius. 

If the earth’s surface wore spliorical, this liorizontiil foroo 
would make every loose particle tend to slide towards the equa- 
tor, and the water of the ocean would so move. As tlungs 
actually are, the surface df tho earth lia.s already lUTangod itself 
accordingly, -and tho earth bulges at the equator just enough to 
correct this sliding tendency. 

Tins ofEoct of tho earth’s rotation on its form is woll illnstratiid by tlio 
familiar littlo pieco of ai)paratus shown in Ij’lg. 47. 

If the earth’s rotatioij wore to cease, tho Mississippi llivor would at once 
have its ooiirso reversed, since its inoiitli is several thi>imaiicl fc^it farther 
from the center of tho oartli tluin are its sources. 
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131. Gravity is not simply rjravitation, — tlie altracUon of iho 
cavtli for a body upon its surCaue, — but is the resultant of 
this attraction combined with the centrifuged force at the point 
of observation^ as above expiained. It is this resultant force 
which determines the icoigld of a body at rest or its velocity 
and direotion wheji falling. Only at tlie ecpiator and polos is 
gravity directed towards ibo center of the earth. Surfaces of 
level are, on hydrostatic principles, necessarily everywhere ])or- 
pendiouhir to gravity, and are therefore not spheres around the 
GarUi^s center, hut sjdioroids flattened at the poles. 

1312. The Earth's Form. — There are three ways of determin- 
ing the form of the earth ; First, hy geodetic, measurement of 
distances ugon its surface in connection with the astronomical 
deiermbmiion of the points of ohservution. This gives not only 
the form hut also tlie linear dimensions in miles oi' kilonudors. 

fiooond, by observing the varying force of gravitg at points 
in different laiitiules, ■ — obsmwations which are made hy meaUH 
of fl apparatus of .some kind and detormliio onlg the 

form but not tlie size of the earth. 

,''/hU'd> hy means id purelg astronomical phenomena, known ns 
precession and nutation (to be treatcct of lie re after), and hy 
ccrtcdn irregularities in the motion of the moon, Ohsei’vation.s 
of the occultations of‘ stars at widely distant stations can also 
he utili'/.ed for tho sumo pmpose. lliese nuitiiods, like tiie 
pondulnni method, give only the form of tiie earth. 

It is usual to eharaeteriy.e the form of tlie earth hy its oblate- 
ness, or clliptioily, though tho hitter term is rather olijoetionahle, 
on account of the danger of confounding it with oecenlvieity. 

The ohlaUmoss (G) is the fraction ohtainod hy ilividing tlie 
dirCoi'onco hotwoon tho polar and eipuitorial Homidianiotera by 
/] - // 

the oqiiaUniiil, i.e., ii I — . In the case of tho oarth this is 

about but doLormiimtions by dilToroiit moihods mngu all 
Llio way from about to 
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quanliily tlmn the oblateuesa, or ollipticity. In tho caso of tlio earth’s 
1 

meridian it is about joj ’ It® symbol in astronomy is usually 


133. Geodetic Method, by which Dimensions of the Earth as Geodotie 
well its Form are determined. — The method in its most 
convenient simpe consists essentially in the measurement of tiio earth’s 
tivo (or more) am of meridian in wulehi different latiUules. diineri8ion.s 

t . . i, torai. 

Xheso measurements are effected hy the same combination of 
astronomical and geodetic operations already desoribed for the 
measurement of a single are (Sec. 121). More tiiaii twenty 
liave thus far been meas- 
ured in various parts of 
the earth. The two 
longest are the great 
Jiusso-Scandinavitiu tire, 
extending from Ltaminer- 
fest to the mouth o f the 
Danube, and the Indian 
arc of practioally equal 

length, reaching from the 

Himalayas to the south- 
ern extremity of the groat peninsula. These are both hatwoen 
25® and 30° longj few of the others exceed 10°. 

From these ineasures it appears in a general way that the 
hif/her the latitude the greater the length of each asti’onoinical 
degree. '.I'lius, near the equator a degree has hooji found to Im 
8(12800 feet in round numbers, while in Northern Sweden, in LonRihot 
latitude 66°, it is 865800 feet. In otlior words, the e»irth’.s 

. . , .1, 1 1 -.v in -r • «atV(lUOm. 

surface flatter near the poleSy as illustrated by big. 48. It is icni lautudo 
necessary to travel about 8000 feet farther in Sweden than 
in India to increase tlio latitude by one degree, as measured by j,,,],,. 
tlio elevation of tlie celestial pole, 
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The following little table gives the length of a degree of the 
meridian in certain latitudes : 


At tlio (’q nil tor one di'giTe 
At lafc. 20° “ “ 


ii II /j()° ^ It It 

II 41 .Jf)° *4 It 

II II ()()'' II .1 

II II tl II 

At tlio polp “ “ 


= (58.701 iiiilGs, 

= (58.78(5 “ 

= (58. »o;} » 

- OO.Or).] ‘I 

= (5I).2!50 “ 

= ()fi.!58(3 “ 

= 0l).4O7 « 


DlfllenUy of 
cloducing 
consislont 
I'osultH fi'oni 
tlio obsorvii- 
tiotis. 


It will be understood, of course, that the length of a degree 
at the pole is obtained by “extrapolation” from tlio measures 
made in lower latitudes. 

The differenco between the equatorial and polar degree of 
latitude is more than 8,500 feet, while the prolialile (jrror of 
measurement cannot exceed more than three or four feet to 
the degree. 

134. The deduction of the exact form of the earth from 
such moasuromonts is an ab-striiso problem. Owing to erroio 
of observation, and to local deviations in tho direction of 
gravity duo to unovonnoss of surface and variation of don- 
sity in tlie rocks near tho station, tho ilil’foront arcs do not 
give strictly accordant results, and the host that can be done 
is to find tho result which most nearly satisfiOH all tho ohsui- 
vations. 

Aocording to tho dotorminatiou of Colonel Clarke, for a long 
time at tho head of tho Mnglisli Ordnance Survey, the dimen- 
sions of tho “spheroid of 180(1 ” (wliioh is still lujoejiled liy oiir 
Coast and (TOodoCic Survey as tho basis of all its cjvhjnhitions) 
are as follows : 
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These numbers are likely to bo in error sia miieli, porliupK, na 
100 meters, and possibly somewhat nioro;. they can banlly 
be 300 meters wrong.^ 

The oblateness “^-—conies out hut a euiinHimtivj^ly 

small change in either the equatorial or polar riuluiH W’ould 
change the 296 by some units. 

At present the distance from a point on the oartli’s siirfiiec lfnn!i‘iiil 
(say the observatory at Washington) to an)’' point in the oppo- 
site hemisphere (say the observatory at the CatJO c»f ( JojmI Hope) 
is imcertaiu by fully 1000 feet. 

The deviation of the earth’s form from a triuj .splun'e is due 
simply to its rotation, and might luiv{.i liocni laliul as proving it. 

As already shown, the centrifugal force eiinsed by the rotation 
modifies the direction of gravity cverywliere extaqil at II m 
equator and the poles, and the surface thereffu’e neeoHHarily 
takes the splieroidal form. 

135, Arcs of longitude arc also available for doteriiiining the AvhIIhIiII 
earths form and size. On an oblate or oraiige-shatxul spliertiid 
(sinoo the surface lies wholly witliin the Hjihere wlihtli has ei urnny 
the same equator) the degrees of longitude aro ovidmitly ev(!ry- '’'‘••‘""iv'’ 
where shorter than on the spliore, tho difforenco being gr,.,tteHt 
at a latitude of 46"^, and from this difforenco when iielnaliy 
determined the olfiatonoss can he computed. 

In fact, arcs in any direotion hetwnen HfationH of whloh hoth (hv 
latitude and longitude- are Jemmii can he utilized for tho purpoHe; 
and thus all the extensive geodotie survey.s'‘« tlmt have huim 


* Eov Clfti'ko’s fi]}]ioroi(l of 1878, soo Apjioiultx. 

Iniprobablo lliat Uio aoliial acoid (tlu) i’o«ular anomiarlciil Hur- 

peifca eUipsold of tlu'oo axos. Tim local and contlimiiial JiTogiilnrlKoH am aa growl 
tliab It sGoms like y that It will bo fonnd boat to adopii ««n„, o,i„ of rlm slmirly 

gala muTtaito n "i '‘oformum,'* and ]mr«iifu,r to Iiiwmtl- 

ga 0 and tabu ato tho local dovJatlons from ilHa uh a bnso, ratlmr tlinn im- 

pute a Jiow Bot of sphoroUl olcmoiils for uvovy nceoBsloii of now gooUoUc tIaU. 
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made by diffcvonl conn tries coiitrilmtc to our knowlodgo of 
the earth’s dimensions. 

136. Determination of the Earth's Form by Pendulum Experi- 
ments and purely Astronomical Observations, — Since f, the time 


of vibration of a iicnduluin {Fkysics^ p. 79), cqinds 7r’\/i, wo 

I , . , 

have // — and can tlicreiore measiiro tlio variations ot //, the 

force of gravity, at different parts of tho oartli by using a pondn- 
linu of invariable length and detovinining its time of vibration at 
each station. Extensive surveys of this sort liave beou made anti 
are still ill progress; and it is found from them that tlio force of 
gravity at tho pole cxcscods that at tho etpiaiov by about 
In other words, a man wlio weighs ! 90 pounds at the otpialoi* 
(weighed by a spring-balance) Avould wtiigh lOt at tlio pole. 

'The centrifugal ftiriio of the earth’s rotation accounts for about 
one pound in 280 of this difforonee; tho remainder (about one 
pound in 555) has to ho accounted for by the tlirfereneo between 
the distancos from the poles and from the equator to tho eon lor 
of tlic oartli. At the jiolo a body is moi'o than 18 iniles mniror 
the oonter of the eavtii than at the eipiator, and as a eonso- 
qiiouco the earth’s attraction upon it is greater. 'I'lio dirfereiieo 
of gravity liotweon pole and equator depends, however, not 
only on tlie dilTei'ciuie of dhianoo from the (ionter of tho earth, 
hut partly on (he dklrihulwn of dvnitit}} wiLliiii the globe. 

Assuming what is probabhi, tbut the »(rata of equal denuly 
arc 2 '>ra()lioully cowienlrio^ (Hairaut 1ms [irovtid that for any planet 
of small obliitonoss, /i _ oi /< 

uZ ^ ( *'*^ if ^ 

in which d equals the ceiitrifugul foi’et) at tlie planet’s equator 
and H” the diniijiiitiou of gravity between jiok) and equator; 
nc., for the oartli, 

■lio’ 


n -- X 
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The pw'dy astronomical ineLhodH for dotisriniiiiiig tlio J’oren of 
the earth indicate a slightly sniiillor oblatoiio.ss of aljoiit UchhH nf 
They depend upon precession and u u fca tioi i ( S e (is . 1 (1 8 n i m 1 170) ’ 

and upon certain iiTOgularitics in the motion nf the nmoii ; hut jhhiuhIs. 
their discussion lies quite heyoiul our se(»pu« 

From a combination of all tlio ayailablo data of ovory hind, 

Harkiiess (1801) gives ns his final result for tlio <d>lii.U!iU‘MS, 


a 


nuu.2 ± 8.0 


137. Station Errors. — If tlie latLtmhsH nf all tliu statituis in 
a triang'ulation as determined by ustrunoniioal ob.s(;i‘vatioiiH are 
compai'od with their differonoos of hititudo as dinhuasil from 
the geodetic operations, wo find disarepaiudoH by no means 
insensible. They are far l)Gyond all possible errors o): observu- 
tions and are due to irreyularitiest in ike tUreoHon of f/ritnify^ 
whieli depend upon tlio variations in do list (y mu I I'oiaii of the 
crust of the earth in the neigh borlieod of Lite Hliitlen. iSiieli 
irregulni'ities in the direction of gravity displaoe (ha unfronmn’' 
teal zenith oi the station. They are eulled slutiun riry’wj'ii aiul 
can bo determined only by a contpai'isou of astrononueal posi- 
tions by means of geodetio operations. AccfU’ding tt> tlio Con.st 
Survey, station errors average about V'.B jii t!ie euHtoni part 
of tbo United States, affeiiting both Uio longitudes and lati- 
tudes of the stations and tlie astvonoiiiietil iiy/iniiitlis of the 
liue.s that join them. Station orrora of froiii 4" to t{" nru not 
very uncommon, and in mountainous oountries tliese deviation s 
oooasionally rise to 80" or 40". 

138. Astronomical, Geographical, and Geocentric Latitudos..«™> 
(1) The astronomical latitude of the atatiou is tluit tietually 
dotermined by asbronomioal olisorva tions, -- simply the t^Usoryed 
altitude of the pole. . 

(2) The geographical latitude is the aHtroiiomteal hititiide 
corrected for station error. It may bo delined as the angle 
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formed with the plane of the equator by a line drawn from the 
place per'pcndimlar to the surface of the 8ta7idard spheroid at 
that station. Its determination involves the adjustment and 
evening off of the discrepancies between the geodetic and astro- 
nomical ro.sults over extensive regions. The geographical 
latitudes (sometimes called topographieal) are those used in con- 
structing an accurate map. 

For most purposes, however, tlie distinction hetwoon astronoiiiioal and 
geograi>hicnl latitudes may bo neglocteil, since on tlie scale oC an imUuary 
tnap the station orrovs, amounting at most to a few hundred, feet, would lie 
entirely insensible. 



Fm. ‘10. — Astronomical and 
Qooc oniric hatltndo 


(8) G-eocentric Latitude. Whijo the astronomical latitude is 
the angle between the plane of the equator and the dh'eciion of 
gravity at any point, the geocentrie lati- 
tude, as the name implies, is the angle, 
at the center of the earthy between the 
plane of the equator aiul a line draivn 
from the observer to that center; which 
lino evidently does not coinoido with 
the direction of gravitjq since the cartli 
is not splierioal. 

In Fig. 49 the angle MMQ is tlio aslro- 
nomical latitude of the point M (it is 
also the geographical latitude, provided the station error at that 
point is insensible), and MOQ is the geocentric latitude. 

The angle ZMZ\ tlic cliHorenoo of the two latitudo.s, is called 
the angle qf the vertical and is about 11/ in latitude 4f)°. 

ClGOcontric degrees are longest near the equator, in prooiso 
oontradiotion to the asjirononiioal dogi'eea j and it is worth notic- 
ing that if wo form a table like tluit of See. 138, giving tlio 
length of oacli degree of geographical latitude from the equator 
to the pole, the same table, read hachmrdSy gives the loiigth of 
tho geocentrie degrees without sensible inaoonracy; i.c., at any 
distance pole a degree of geocontiio latitude has within 
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a fow inches just tlie same length as the astronomical degree at 
the same distance from the equator. 

, Geocentric latitude is employed in certain astronomical cal- 
culations, esi^eoially such as relate to the moo]i and eclipses, in 
which it becomes necessary to “reduce observations to the 
center of the earth.” 

139 . Surface and Volume of the Earth. — The earth is so 

nearly spherical that wo can compute its surface and volume (or 
“ bulk ”) with HuHicient accuracy by the formuhe for a perfect 
sphere, provided wo put the earth’s mean semidiametor for 
radius in the formuhe. ^ 

This mean somidiameter of an oblate spheroid i.s not — MetuinomB 

2 ^ I j * aiftincter i)f 

but — )• because if we drawtlirough the earth’s center three anoblato 

8 Nl)hoi'Oi(l. 

axes of syminetiy at right angles to each other, one only will 
bo the axis of rotation, and both tlio others will be equatoiial 
cUameters. 

The mean radius r of the earth thus computed is 8968.83 
miles; its surface (4 is 106 944000 square miles, and its 
volume (I TTV^) 2GOOOO million oubio miles, in round numbers. 

III. THI5 EARTH’S MASS AND DENSITY 

* 

140 , Definition of Mass. — Tlio MasB of a body is tlie quaniiiy DodtiUion 
of matter in it, f.c., the mmher q/ or kiloyramB of 
material whUli it c.ontainB., — the unit qf mass heiny a oeriain 
arUirary body which Hub been Bcleoted as a standard, • A “ kilo- 
gram,” for instanoo, is the amount of matter contained in the 

block of platinum whicli is preserved as tlio standard at Pavia. 

The mass of a body in the last anal 3 ' 8 is is measured by its its roiaUon 
inertia^ i.o,, by the force required to yive the body a certain 
velooity in a yiven time. 

Moss must not be confounded with “volume” or “bulk,” 

Avhioh is simply the ajnount of space (oubio units) occupied by 


124 


ilANUAL OF ASTROKOJrX 


DiHtinuDon 
bolwecii 
m« as, oil OIKS 
liiuul, nii<I 
volunio niul 
woig'Jil, on 
tlio al/lior, 


Ainlilguiiioa 
ai'iHing from 
tho Idoutlly 
ot tho onU- 
iiavy iiainos 
fni' tlio units 
otjimsaaml 
I fotco. 


I l’roXosHor 
Nowodinli’s 
i| illUBtl'UtlOII. 


tlie body. A bushel of ooal has the same volume as a 'bushel 
of feathers, but its mass is immeusoly greater. 

Nor iiuist mass bo confounded with “weight,” which is 
simply tho force (pusli or pull) which urges tho body towards 
the oartlu It is true that under ordinary terrestrial conditions 
the mass of a body and its weight are 2 ^‘^'oportional to oach 
other and numorically eijual. A mass of ton pounds weif/h 
(very nearly) ten pounds anywhere on the earth’s surface, but 
the word “ pound” in tho two parts of tho sentence means two 
entirely dilferont things ; the pound of “ mass ” and tho pound 
of “ force ” (stress) are as distinct as a “beam” of timber from 
a “ beam ” of sunliglit. 

141. Mass and Force (Stress) distinguished. — Tins identity 
of names for tho units of mass and force is on many accounts 
unfortunate, causing mueli ambiguity and much misunderstand- 
ing; but its reason is obvioud, because wo usually measure 
masses by xoeiylmuj^ and most often, not by weighing with a 
spring-balance, but by halanoing tho body against some standard 
mass, which standard is itself affcotod by variations of gravity 
ill the same proportion as the body woigliod, so tliat the ratio of 
their masses is correctly given notwithstanding sueli variations, 

Tho M«S8 of a given body — tho nuinhor of “mass units” in 
it — remains in variable, wherever it may bo; its weiifhti on 4110 
other hand — tlie numlior ol! “force unite” which measures its 
tendonoy to fall, as judged by tho effort rotpiirod to lift it, or 
determined by a sprinfj-halunee — depends partly on whore it 
is, At tho equator it is nearly oiio-Iialf of one per cent less 
than at the pole, and on tho surface of tho moon it would bo 
only about one sixth as great as ou the earth. 

'I’o use ni) illuHtration fluggosted by I’rofoHHor Nuwccniib : Ka[ipotio a 
liHHo-ball timin cotilil hoiiiuIkiw gel; fco Um moon. I'lmy would Hud thoii* 
blits and bulls vm-y Hgiit to lift luid bold ; thoy fcboinaulvoH would bo light 
ou thoir bust ami could jump six timos ns high and as far as on tlio oartli, 
gravity and weit/hl bolugso much loss tlmn hero. Hut, since musm romaln 
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uiKihangOfl, fclm pitcher could not witli a given csxerfcion «niul the ball any 
more swiftly than liero, nor could the batter Int it any linrder or give it’ 
greater speed (though it would lly much farther before it fell), and the 
catcher in capturing the ball would receive just the same blow iipoii his 
hands as here. And if they had a steak for dinner that “weighed” only 
two pounds on their spring-balance, it would give them twelve pounds 
of meat; and, wo auay add, would also “weigh” twelve pounds on a 
plalform scale, or stcelyanL 


The student must always he on his guard whenever he comes 
to the word “pound” or “kilogram,” or any of their congeners, 
and must consider whether lie is dealing with units of mass or 
of force. 

142. The Scientific Unit of Force or Stress, — the Dyne, Mega- 
dyne, and Poundal, — Many iiigh authorities now urge the entire 
ahandonment of the old force units wliich bear the same names 
as the mass units, and the substitution, in all scion tilio work at 


least, of the dyne (Physics, p. 18) and its derivative, the meyor 
dyne. The change would certainly conduce to clearness, but 
for a time at least would ho inconvenient, ns making foj'jnor 
moehanical literature almost unintelligible to those familiar 
with tlio now units only. 

Tlio Dyne is the force (pull or push) tvhich acliny constantly The hcIou- 


for one second ujmi a mass of one yrani tooidd yive it a velocity 
of one centimeter a second. It equals the “weight” (at Paris) dy,^o.' 

of a mass of 1-0199, milligrams. Tlie Meyadyne (a 


million dynes) is llie weight (at Paris) of a mass of 1.0199 
kilograms, or almost exactly 1,02 kilograms in the latitude of 
Boston. , . 

Many English authorities, however, insist on a ujiit of force 
based on the British units of mass and length and employ 
the Poundal, — the force which in one. second would give a The Ungiiaii 
velocity of one foot far second to a mass of one pound. Since 


i 0.805 motors por second Is Lho value of y at l^arls. 
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(j equuls {nearly ) B2jV feet per second, the poundal is almut 

1 

“woigiit” of a inass iiound at London, or very 

tia-ij- 

nearly half an ounce of “ pull.” More accurately, the poundal . 
equals 13.865 dynes. 

143, Gravitation. The Cause of Weight. — Scionoo oaiinot 

yot explain why bodies tend to fall towards tlie earth and push or 
pull towards it when lield from moving ; but Newton discovered 
and proved that the phenomenon is only a special case of tluj 
inn eh more general fact which ho inferred from the motions of 
the heavenly bodies and formulated as ihc Lau> of Gravitation^ 
under the statement that any two particles of matter attract 
each other ^oiih a force proportional to their and inverHcly 

pivoportional to the square of the distance between them. 

If instead of particles wo luive bodies composed of many 
particles, then the total force between the bodies is tlie sum of 
the attractions of all the difforcut particles, each particle attract- 
ing every particle in the other body and being attracted b}'’ it. 

Wo must not imagine the word to mean too much. It 
inoi’oly states as a fact that tlicre is a tendency for bodies to move 
towards oacli other, without inelnding or implying nuy explana- 
tion of tliG fact, Tims far Jinne 1ms apjmared which is less dllli- 
oult to coinpi’cliend than the thing itself. It remains at presont 
simply a fundamental fact, tliough it is not impossible (nor im- 
probable) that ultimately it mayd)e shown to be a luujessary tum- 
sequence of the relation between partielos of ordinary matter and 
this all-porvading “ether” to which we refer the phenomena of 
light, radiant lieat, electricity, and magnetism {Phifsics,^ p. 815). 

144. The Attraction of Spheres, — If the two attracting bodies 
aro sphmis^ either homogeneous or made iij) of ooncontrio aliolls 
wliicli are of equal density and tliiekness tliroughout, then, os 
Newton doinonstrated, the action on bodies outside the spliero 
is precisely the Hame as if all the malier of eaoh sphare were 
collected at its center. If tlie distance between the bodies is very 


THE EARTH AS, AN ASTKONO:\rrCAE BODY 127 


(jreat compared with their size^ then, whatever tlieir form, the 
same tiling is nearly, though not exactly, true. 

He also showed that within a homogeneous /wWozy spliere of 
-equal density and thickness tliroughout the attraction is every- 
where zero; i.e.^ a body anywiiere witiiin the hollow shell would 
not tend to fall in any direction, 

If bodies which attract each other are prevented from moving y 
the effect of the attraction will be a stress (a push or pull), to bo 
measured in dynes or force units (not in mass units), and this 
stress is given by tlie equation which cniliodies the law of gravi- 
tation, viz., 

/r (dynes) = X 

wlicro Ml and are the masses of the two bodies (expressed 
in grams) y d is the distance between their centers (in eenth 
melers)y and G is a factor known as the Ifeiotonian Gonstmt or 
the Constant of Gravitation, 

145. The Constant of Gravitation. — The constant of gravi- 
tation is believed to bo, like the velocity of light, an ahsohtte 
Gonstant of nature^ — the same in all the universe of matter, — 
among the stars and planets as well os upon the earth, Tiiis is not 
yet aUsolutoly proved, but there is no known phenomenon that 
contradicts it, and there is much probable evidence in its favor. 

The numerical value of G depends on the units of mass, 
distance, and time; and in the C.G.S, system (centimeter- 
gram -second) it is, according to the elaborate determination 
of Boys in :I894, 0.00000006657 (6657 X 10'”) or, quite 
Avithin the limits of experimental error, one ffteen-miillionth. 
If, for instance, the mass M^ is 1000 grams, 2000 grams, 
and the distance 10 contimoters, the force in dynes Avill ho 
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15 000000 


1000 X 2000 , 

X TXX > 


1 


16 000000 


- X 20000, 


or y jiy of a dyne. 
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It inuy he acldcti Uiat it is not yctprovod tlini tins (*<iuatioii F= (,’ x d/, 
X M,, — in llu' (outjtli’lr law. It is {'oiiociviiblo (though highly iiii(Moh- 
nhh*) thiiL till' right-liiiiiil nicmhur may ho only tho principal tonii of a 
Korios ’wliii'k (‘oiiliiiiiis oLhor Luiiuh (involving U'tiipcraluvcj, for inslanco) 
Dial may hcoonu' sonsililc iiiidor conrlitious wiilcly dilforont from any yi't 
observed. And “ iiiattor ” may oxisi' wlmdi does not ‘‘gravilato” tlnmgh 
po.sseshiiig “ inm’tia,” — tbi' ether, for insiaiice. 

146, Acceleration by Gravitation. — If and J/g are wt/rce 
wliilb undor catili oLIiui’h nilratjUon, iho}^ will at onco liogin to 
approacli eaoh othor. A I tho end of the firiit second J\f^ will 

have acquired a velocity (I x which, the student will 

cr 

ohsovve, depends entirely upon the nni.sH of J/.^ and nut at all 
upon that of iUself. (A grain of ,saud and a heavy rnelc 

will fall at the same rate in fi'oo spacu) under the atlraedion of a 
given body when at the same disUtuoo from it.) 

.Similarly, will have acquirod a velocity (f ~i}‘ 

'rho Hjietid with which tho hodioa approach each other will he the 
sum of those velociticH, and if we denote this relative amelcra- 
(lon (or tho velocity of approavk acKj aired in one Hoeond) by/, 
we sliall Imve 

/- <1 

"rhis is tho form of the law of gravitation which is used in 
dealing with tho unotionH of tho huavenly bodies, caused by their 
attractiouH, 

Notice that while tho oxjn'OHslon for A' (tho stress in dyneo) 
has tho product of the inassos in its mimerator, that for / (the 
relative. aaceUraiion) lias their and, lilce is expressed in 
oontimolei’s per second. 

147. Wo arc now projiarod to dismiss the methods of uiouh- 
lU'iug Iho earth’s mass, U is only iiocossary to compare tho 
attraction whioh tho oarth oxorLs on a body, m, on mrfaev. 
(at a distance, Lhorofore, of 8959 miles from its ooiitor) with (he. 
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(tUvcLctiou exerted upon lu hy some other body of a hiiown maBs 
at a hnown dutance. The practical dilficiilty iw that the attrac- 
tion of any manageahlo body is so extremely small, compared 
with the attraction of the earth, that the experiments are 
exceedingly delicate. Unless the mass employed for compari- 
son with the earth is one of several tons, its attraction will be 
only a fraction of a dyne, — hard to detect even, and worse to 
measure. 

The varioirs experimental methods which have been actually 
used thus far for determining the earth’s mass are enumerated 
and discussed in the author’s General Astronomy to wliich the 
student is referred. We present hero only a single one, which 
is not difficult to iindorstand and is probably the best, though 
not quite the earliest. 

148. The Earth’s Mass and Density determined by the Torsion 
Balance. — This is an ai)paratus invented by Mi chell and first 
employed by Lord Cavendish in 1798. A light rod carrying 
two small balls at its extremities is suspended at its center by 
a fine wire, so that the rod will hang horizontally. If it be 
allowed to come to rest, and then a very slight deflecting force 
bo applied, the rod will be drawn out of position by an amount 
depending on the sHjfmess and lenyth of the wire as well as the 
intensity of the force. When tlio deflecting force is removed 
the rod will vibrato back and forth until brought to rest by the 
resistaneg of the air. 

'■J’lio Ooeffioieiit of Torsion^ as it is called,’ — i.e., the stress 
which will produce a twist of one revolution, — can be accu- 
rately determined liy observing the time of free vibration when 
the dimensions and masses of the rod and balls are known (see 
Anthony and Brackett, PliysioH^ p. 117), and this coeflioiont will 
enable ns to determine wliat force in dynes is necessary to pfo- 
duoG a twist or do flection of any number of degrees. If the 
wire is stiff the cooffioiont ^yill be large, and correspondingly 
small if very slender. It is therefore desirable that it should 


Mn.SH of 
oai'lli itiotis- 
Hvodbycom- 
pm'lni' its 
HttL'aotlon 
upon al) 0 (ly 
itt Us Aur- 
fneo with 
Hull of a 

ICIIOWII 111 UAH 

alli'auling 
Iho saino 
body at a 
known 
(lislanuo. 


Tlio torsion 
bainneo. 


Doloi'iniim- 
tion of tbo 
cuulliulont 
of torsion 
by oiisorva-, 
tions of 
Ylbrallcin. 


180 


I^rANUAL or ASTROi^OJlY 


Obsoi’ViitUm 
of tlolicolidii 
ciiiisod by 
altrncUon. 


Kxchiiilan 
ot (liHtlU'))- 
liig catiHoa. 


be as slender as possible, while yet siillicieiitly stnnig to siistain 
the rod and balls. 

149, The Observations. — If, now, after the torsional Gooffi- 
cient lias Ixion earefully dotcriniinid by observing the free vibra- 
tions of the rod, two large balls, J and />* (Fig. 50), are Imniglit 
near the smaller ones, a deiloetion will bo prodneed by their 
attraction, and the small balls will move from a and i (their 

j)ositiou of rest) to and ?/. By 
shifting the large balls to the other 
side at yl / and ./>' (w1u<j1i can be 
done by turning the frame npon 
which they are supported) avo shall 
get a similar doileetiou in the o])po- 
sito direction, — i.c., from a' and // 
to a" and A", — and tlio difforemio 
between the two positions assuiuod 
by the two small balls — ue., the 
distance a'a" and h'd" — will be 
tioiGe the deflection wliicli is duo 
to the attrmtion of the two laiye 
hilU for the two small balls. 

Tlio observations of vil)ratioji 
and deflection are best made by 
watching with a telescope from a 
distance the refloction of a fixed scale in a little mirror attached 
to tbo lioj'i/.ontal beam at C, 

In observing the defieetions it is not necessary, nor oven host, 
to Avait for the balls to come to rust. While still vibrating 
Avo note the extremities of their swing. 'I'ho middle point of 
the swing (with a slight cor roe ti on) gives the place of equilib- 
rium, Wo must also carefully determine the distances Aa'^ 
and Bht’* between the contov of eacli of the largo balls 
and tlio con tor of tho small ball Avlion de (lee ted. Tbo utmost 
care must bo taken to oxeludo air currents and olectrieal or 
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magnetic disturbancca, since these -won Id serin iisl}'- vitiate the 
results. 

160. Calculation of the Earth’s Mass from the Experiment. — 
The earth’s attraction on each of the small halls, is evidently 
measured by the ball’s tuciglit, w, corrected for the centrifugal 
force of the earth’s rotation at the observor’.s station mid 
reduced to dynes. 

The attractive force of the largo ball on the small ono near it 
is found from the observed deflection. If, for instance, tins 
deflection is ono degree, and tlio coefficient of torsion is such 
that it takes a force of ten dynes at the end of tlie rod to twist 
the wire one whole turn, tlicn the deflecting force, which wo 
will c.all 2/, will bo -^tj- of a dyne, Ono half of this deflecting 
force, /, will bo duo to A'n attraction of and half to ,/y’s 
attraction of h. Call the mass of the large ball determined 
by it.s weight, and tliat of the sniull ball m, and let d be the 
measured distance Jih' between tiieir centers. We shall then 
luive, from Sec, 144, the equation 


„ ,,, Ji X HI 


or Ji 


Z'i! 

Cr-m' 


(a) 




Similarly, calling dS the mass of tiie earth and li its radius, w 
being the corrected weight in dynes of the small ball, u^e shall 


Inive 


w = a 


/f X m 


or 7f = 


a > m 





Divhling e(|uatlon {g) by {^^), G and m eaneel out, and wo have 



will eh gives the mass of tlie earth in forms of li. 

By tlio same observatiniis tlie value of tlie constant of yravi- 

f. 

tation is dotorminod, since, from equation (a), G = — , ii and 

.li-m 

m being both measured in grams,, and d in emtimeters. 
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151, Density of the Earth, — Having the muss of the oaith 
it is easy to find its density. The volirmo, or hulk, in culm} 
miles has already been given (See. 139) and ean ho rodneed to 
cubic feet by simply multiplying that number by the ouho of 
6280. Since a cubic foot of water contains 021 mass pounds 
(nearly), the mass which the earth would have, if coinpo.sed of 
water, follows. Oomparing this witli its mass obtained from Um 
observations, we get its density. 

A combination of the results of all the din'cvisit nustbods 
hitherto employed, taking into account their redative acmiraey, 
gives about 6.68 as the most probable value of the earth‘.s 
density compared with water, hut the seeoiul decimal is not 
secure. 


Direct 153, Density deterinined directly. — AVi! eiui Oediiee the enrlh’H tlciiHity 

dotoriiiiim- directly from tlie observationH willioiit; any pniliiiiinary cuUnilatHm of 5 (.h 

oarlb’s don 

sity withmit Letting r and represtnit tlie radiuM and flansity of Uii* liall //, 1 (h nuiHH 

provioiiR f 7 rj'%. Similarly, L’, the inasa ul‘ the aartli, is jultV, s' being l.lm 

cnlciilatioa earth’s moan doiisity. 

of Us mass. Snhstituting these values aC Ji and 7i’ in oruiations (?<) biid (h) (if Him 
preceding section, we have 


and 
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whoneo, finally, 




giving the density ol! the earth in terms of tlio deiiHity of Ihci hull ll, mid 
other known ((uantitieH, 

Early oxpovi- 153, In the earlier i^xperlnnnds, hy this torsion-liulunee iiietliod, Mu* 
inonts. small halls were of lead 1 or 2 ineluts in diametm-, at lh(» extreinitinH of 
a light wooden rod 5 or (J feet long inelosed in a ease willi glass eiids, and 
tlieir positioiiH and vihrations were ohserved hy a lelcscnjif lodkiiig dircnlJy 
at tliom from a ilistauce of several feet, 'J’lie aUraethig uiasses, A and /}, 
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were balls (also of lead) alanili a foot in diuni<!ter, Orenl; diUteultbis were 
eiicountevud from currents of air within the iiiolnsure. 

Jloys ill 180'1- used a most refined apparatus in which the small balls (of Hxpori- 
gold), one quarter of an inch in diameter, were hung- at the ond of a heam muiusuf 
only a centimeter long, whicli was suspended by a delicate fiber of amw- 
phutit quartz, an ingenious invention of the experiinontor. The. dolleotions 
duo to the attraction of two sets of load balls, respectively 2 and dj- iiichos 
in diameter, were measured by observing with a^ telescope the relloctiou of 
a scale ill a little mirror attached to the heam. The whole apparatus was 
placed in an aiv-tiglit case no larger than an ordinary water pail, from 
which the air was exhausted and a little hydrogen admitted to take its 
place. JTis result for the eartli's density was fahilT. ft was from thesi' 
experiments that the value of the comstant of gravitation already given was 
dedneed. 

Different values for the earth’s density, olitained by oxperimcul.H during 
the last lifty year.s, range all the way from TuS to 4.0, omitting ono or two 
wliich are very discordant from oircmnstances easily niiderstood. 

154, Constitution of the Earth’s Interior,. — Since tlio avomgo 
deiiMity of the earth’s oni.st does not exceed three times that of 
water, while tlie mean density of the Avholo earth is nhout 5.5, inovonso 
it is obvious that at the oarbli’s eonter tlio density Jiiust Lg very 
much greater than at the surface, — very likely as Ingli as oiglit oaiUi’s 
or ten times the density of water, and perhaps liigher, — equal 
to tliat of the heavier mo tabs. There is nothing surprising in 
this. If tlm earth were over fluid, it i.s natural to suppose 
til at before solid ifioatioii took place the densest materials would 
settle towards the center. 

Whether the interior of the earth is solid or fluid, it is diffi" 
cult to say with certainty. Certain tidal plionomona, to bo 
mentioned lioroaftor, have led ijord Kelvin to express tlio 
opinion that the earth as a whole is solid througliout, and qhosUou 
more rigid tliau glass,” voleanio eenters being more “ pustules,” 

HO to speak, in the general muss. To this most geologists yiauiieUy of 
demur, maintaining that at a depth of not many iiiindred jniles 
• the materials of the earth must he fluid or at least sGiiii-fluid. 

This is inferred from tlio phonomomv of volcanoes and from the 
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fact that the temperature continually incveascH with the depth 
so iar as we have ^mt been able to penetrate. But thus fur Llm 
deejjest penetration is but little more than a single mile,' — a 
mere scrateh, — »ot part of the dislanee to tlie center of 
the earth. 

EXERCISES 


1. Docs tho tmiisportatiou of sciliment by tho !MiHnisslppi Usud Uj 
leiigtliPii or to fihoi'tan tho day? 

2. If the diaiiietei’ of the earth were doublecb *k('(‘plng its iimihh 
uiiclianged, how would its density and the weight of bodies at its sni’lhcc 
he affected? 


3. If its diameter were trebled, keeping its density unclmng<>d, ln>\\ 
much would its mass aiul the weight of bodies at its surface be increased? 

4. Supposing th(‘ earth to bi* ]iomogeneoti.s, how great (appro\iiua(el_\ ) 
would be the force of gravity 1000 miles liulow its surface V 

Solution, Inside of a hollow sphere tho attraction Is zero (Hoc. MI). At 
tho depth of 1000 uii)es, therefore, the offccLlvo attraction would lie tlial 
of a sphere of only 3000 inilos radius, all tho slioll of mallor outside of HiIh 
being without influence. Wo should tliorofoi’o have gravity at the aurfiiee; 

gi’avity 1000 miles below tho surface =: | ~ 7i : (fd — 1(10(1) ; 

i.e.i as 4000 :3000. In words, the attraction at this depth would he '] (hat at 
the surface of the eartli, if It worn of equal density througlioul, whtcli It is nut. 


B. Assuming y at the earth’s surface to he O.HOn inol,or.s jii’r sia'oiid, 
what would it be in a balloon at an (‘Icvation of 2 miles? 'I'lie viidhis id 
the earth may bo taken as ‘IflflO miles and centrifugal force neglccled. 


/In-f. ().7l)ri2 111 jjer second. 
Would tho value of (j ho the same at tlio loj) of a mounlaiu 2 inllcH 
liigh, and if not, why? 

6. Grivon two spheres one of which has a mass m times greater lliuit the 
other; on what point on tlio line Joining their centers nm tlmir attriuitioiiH 
equal ? 

Solution. Lot d be the dlalanco bcLwooii their oenliu’s and ■£ t]in dlslancn 
of tho point of equilibrium from tho smallov body; then tlio all ruction of tlu* 

larger body at that point is of tlio smaller heing d ^ • C'aiieel- 

((( - aj) ,/ ' 1 

ing tho O's and taking Um square rooUs, we luvve - ^ * , fnmi whieh we 

have (it - • if) £ 
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7. Assuming fcho moon’s mnsa as gV of the eartii’s, wliere is the oqui- 
liljvium point on tho lino of centers? 

Ajis. At a point of ll>e distance from tlio moon to tlic earlli, 

8. "WJiat is tlie attraction iii dynes between two splierea, encli liaving a 
mass of 1000 Jcilograins, at a distance of 1 nictei’ between centers? 

Ajjjf. OJ dynes, or t)io weiglit of 0.8 mgm. 

9. If these spJiores •were free to move iinder flteir miihial attraction, 
required their relative velocity at tlio end of one sccojid. 

Ans. second, 

10. Tf at a distance of half a meter from such a ball is 8u.spended a 
small ball weighing 1 gram, what is the attraction between them? 

Am, -jT-Jffij- of a dyne. 

11. If in tliis ca.SG the small ball were susponded by a fine tlirend 
10 metens long, liow many milUmetors would it i)e drawn from a vertical 
position, and what angle would tho thread make with the vertical? 

Deviation, 0.000272 mm. 

Delleetion, 0". 00561. 
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Sun’s appar- 
ent inotiofi 
ill ckcliim- 
tion. 


Its motion 
ill right 
ascension. 


THE ORBITAL MOTION OF THE EARTH 

The Apparent Jlotion of tho Snn, niul tlio Orbital Motion of llm Eavlh — ProccHHiim 
and Nutation— Aberration — 'fho I'iinmtioii of Time— Tiio Soasoiis niul tint 
Caiontlnr 

155. The Sun’s Apparent Annual Motion among the Stars. - 
This must have been among the earliest rcoogniy.od of aatroiuini" 
ical phenomena, as it is obviously one of the most imixtrltml, 
As seen by us in tbe northern homisplicre, Urn sun, .slm-liug 
ill the spring at the vernal equinox, monnl.s higlier in (he hIcv 
each day at noon for three mouths, until tho summer solstieis 
and then descends towards tho south, reaching in tho uutunin 
the same noonday elevation which it had in tho spring. It 
keejjs on its southward course to tho winter solstioo in Decem- 
ber and then returns to its original hoiglit at tho end of ii yeiu’, 
marking and causing tho sonsoiLS by il.s (Kuirso. 

Nor is this all. The sun’s motion is not nienily mn’tli mid 
south, but it also advances continually vuHtnutrd among (he 
stars. In the spring tho stars which at sunset are rising on llu* 
eastern horizon are different from tho.so which arc found tluji’c 
in summer or winter. 

Tn March the most conspicuoiiH of l.lio ('(isti'vii oonstoDatlons at sntmei 
are Leo and Bobloa, A littlo liilev Virgo appoarSt ia the Rtiiiiiiua' Ojihiu 
elms and Libra; still lalor Scorpio, while in miilwiiiter Orion iinil ’riiiiitiH 
are ascending ns tho snn goes down. 

So far as tho obvious appearances are coneerned, it is quite 
indifferent whether wo suppose tho earth to revolve arouml Llie 
sun or vice vena. That tho earth is tho body whieli real 1 1 
moves, however, is ahsolutoly deiiioiml rated by two |ihomnnena 
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too (lelicato for obsorvatioji withont the telescope, Init accessible 
to nioclei’ii methods. The more eon.spiouoiis of tiioni is the 
aborraVon of light; the other is \\m annual of the fu'ed 

stars. These plienomena can bo explained only by the aotiuil 
motion of the earth and will be discussed later, 

156, The Ecliptic; its Related Points and Circles — By observ- 
ing daily with tlio ineridiaii-circle both the sun’s deolinatioji 
and also the difference between its right ascension and that of 
some chosen star, Ave obtain a series of positions of the sun’s 
center Avliich can be plotted on a globe, and wo can thus mark 
out its path among the , stars. It is a groat circle, called the 
.JUoliptia (Sec. 23), which cuts tiio equator at two opposite 
points (equinoxes), at an angle of approximately 28^-" (23” 27' 
8".0 in 1900), It gets its name from the fact, early discovered, 
that eclipses hapjjcn only when the moon is crossing it. It i.s 
the great circle in toMch the plane of the earth's orbit outs the 
eelestial sphere. 

'^riio angle which the ecliptic makes Avith the equator at tiio 
cquinoclial points is called tlio Ohliquitg of the Jiiali'plic and is 
evidently equal to tlie snn's maximum declination^ reached in 
June and December. 

The two points in the coKptic midAvay botAvoon the equinoxes 
are called the Solsiiaes., because there tlio sun apparently 
“stands,” stops and reverses its motion in dccliuation. 
The circles draAVJi through these solsticics parallel to tiie 
(!<iuator are called the Tropics. 

Th(5 Foies (yf the Fcliptic are the tA\m points in tlie heaA''ens 
90” distant froiu every point in that circle. The northern one 
i.s the constellation Draco, ahout inidAvay hetAveen the stars 
S and and on tiro solstitial colnve (riglit ascension, 18 hoiAi's), 
its distance from the pole of rotation beiiig equal to tlie obliquity 
of the ecliptic (see Sec. 27). 

It Avill bo }’emembered that eelestial latitude and longitude are 
measured loith reference to the ecliptic and not to the equator. 
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157. The Zodiac and its Signs. — A belt 16° wide (8° on each 
side of the ecliptic) is called the zodiao^ or “ zone of animals ” 
(Gorman, Thierhreis)^ the constellations in it, excepting Libra, 
being all figures of living creatures. It is taken of that par- 
ticular width simply because the moon and the principal planets 
always keep within it. It is divided into the so-called “signs,” 
each 80° in length, having the following names and symbols : 


Spring 

Summer 


Arie.s «¥> 
Taurus y 
Gemini n 
Cancer e 5 
Leo SI 
Virgo 


Autumn 


Winter 


Libra 

Scorpio ni_ 
Sagittarius ^ 
Capricornus vy 
Aquarius ^ 


Pisces K 


The symbols arc for tlio most part oonvoiitimial pictures of the objeots. 
Tlie symbol for A{iniirius is tl»c Fgyptiaii cliarneter for water. The origin 
of tbo signs for Leo, Ciipricornus, and Virgo is not quite oleav. 


The zodiac is of oxtromo antiquity. In the zodiacs of the 
earliest history the Lion, Bull, Ram, and Scorpion appear 
precisely as now. 

158. The earth's orbit is the path in space pursued by the 
earth In its rovoluthm around the sun. 'I'lio eaUptw itt not the 
orbit and must not he confounded with it; it is simply a great 
circle of the injinite ocleatial sphei'e^ while the oi’bit itself is 
(nearly) a circle, of finite diameter, in space, Tlie fact tliat tlio 
ecliptic is a great circle gives us no information about the orbit, 
except that it lies loholly in one which 2 '>aMcs idirough the 

snn; it tolls us notliing as to the orbit’s rmlform or size, 

.By reducing tlie daily olisorvations of tlio sun’s right ascen- 
sion and declination made Avith a meridian-circle to celestial 
longitude and latitiido (the latitude would always be exactly 
zero, except for some slight perturbations of the earth) and 
eoiiihining those data with observations of the sun's aj) parent 
dumelei\ we can, however, ascertain the form of the earth’s 
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orbit ami tlie latv of its motion in this orbit. The size of the 
orbit cannot bo lixed until we find some means of determining 
the scale of miles. 

169, To find the Form of the Orbit. — Take a point, S (Fig. 61), 
for the sun, and draw from it a line, directed towards the 
vernal equinox, from which longitudes are measured. Lay 
off from 8 lines indefinite in length, making angles with 80 
equal to the earth’s longitude as seen .from the sun ^ on each of 
the days when observations Avere made. We shall thus get a 
sort of “spider,” showing 
the direetion of tlie earth as 
seen from the sun on each 
of those days. 

Next, as to the distanoes. 

While the apparent diameter 
of the sun does not deter- 
mine its absolute distance 
from the earth unless wo 
know the diameter in miles, 
yet the changes in the appar- 
ent diameter do inform us 
as to the relative distance 
at different times, — the distance ‘"being inversely pfroportlonal 
to the sun’s apparent diameter (Sec. 10). If, then, on this 
“spider” we layoff distances equal to the quotient obtained 
by dividing some constant, say 10000, by the sun’s apparent 
diameter in seconds as observed at oaoh date, these distances 
will bo proportional to the true distance of the sun from tlie 
earth, and the curve joining the points thus obtained loill he a 
true map of the earllCs orhit^ though without any scale of miles. 

When the operation is performed, avo find that the orbit is 
an ellipse of small eccentricity (about witli the sun not in 
W\Q \)w{> at one of the two foci, 

1 This Is 180*^ j; tlio sun’s longlUulo as seen from llio earth. 
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nefmiiioilof 160. Definitions relating to the Orbital Ellipse The Wipae 

[tTftxes **(111(1 ^ of the two dmtanees from any 2wnt on 

ercoiitricity. its circumfemioc to two poiniH toithhiy vallvd the fody is always* 
constant and etiual to the major axis of the ellipse. 

In Fig. 52, wiierevor J* is talvcn on tlio peri[)hciy oI tho 
ellipse, iSP + PP always e(pials wliicli is the major axis. 
AC is the se mi- major ..l.r/s and is usually denoted by A or a, 
JSC is tlie semi-minor ^l.m, denoted by IS or ft; tbo eccenirioity 

HV 

of the ellipse is the fraetion, or ratio, and is usually 


expressed as a deciimd. 


It equals 


Va^ 


ft=^ 


n a cone is out across obliquely by a plane, tbo section is an 

ellipse, which is thorefoj’o called 
one of tlie conic sections. (See 
Sec. 814.) 

Perihelion, and Aphelion are 
respectively the points wher(^ 
tho earth is ncarc.st to and 
remotest from tho sun, tho lino 
joining them being tlie major 
axis of tho orbit, ''I'ho Line of 
Apsides is the major axds iiidcli- 
nitoly prodneed in botli directions. A lino drawn from tli<( 
sun to tho earth or any other planet at any point in its 
orbit, as SP in tlie figiiro, is (allied tho [ilaimt’s Radius 
and the angle ARJ\ rockonod from tho [)orihoUon point, in 
tho direction of tho planet’s motion towards //, is called its 
Anomaly. 

DJsc'ovdvy • 161. Discovery of the Eccentricity of the Earth’s Orbit by 
ridlyo^c^**" Hipparchus, — Tho variations in tho sun’s diainoLor are too 
hooiiriii'B small to bo dotootod without a Udescojio, so that tho anoionls 
iii'timrciiuH. to poi'ooivo them. Hi pparch us, however, about 120 n.o,, 
di.s cove red that tho earth is not iji tho cun tor of tho circular 
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THE OJIHITAL MO’riON OF THE ICAinTr l-j;! 

orbit, ^ whioh ho supposed tlie sun to dcsseribo iirnund it Avith 
uniform velocity. 

Obviously, the sun’s apparent motion is not uniform, because 
it takes 186 days for the sun to pass from the vernal equinox 
to the autumnal, and only 179 days to return. Hipparchus 
explained this difference by the li 3 q)otliesis that tlio earth is out 
of tlio center of the circle. 

In fact, the earth’s orbit is so nearly circular tliat tlie differ- 
ence between the radius vector of the ellipse and that of the 
eccentric circle of IIipparchu.s is everywhere .so small that the 
method indicated in the preceding article would not praetwally 
sufFico to discriminate between them. Other planetary orbits 
are, however, unmistakable ellipses, 
aqd the investigations of Newton 
show that the earth’s orbit also is 
neoesmrily elliptical . 

163. The Law of the Earth's 
Motion, — Ily comparing the meas- 
ured apparent diameter of tlie sun 
Avith the differences of longitude 
from day to day, avg oan deduce Ejh. rri.— r’tmaaio ixwsi'iiintm 
not only the form of the orbit, but ofAuiiw 

the lato of the eartlis motion in it. -(^n arranging tho daily 
motions and apparent diameters in a table, Ave find that 
tlio daily motions vary directly as the squares of the diame’- Tiutinwnf 
ters. or inverBidy as the squares of the dutances of the earth 

’ ^ • T . T ovhJtHi 

from tho sum In other Avords, the product , of the square o/ motlim-- 
the distance hy the daily motion is constant. Noav tho area 
of any small elliptical sector eh>d (Fig. 58) which is sensibly a? t'qlufli* 
a triangle — Sc^ Sd sin cjS'd, or ^ r'r’' sin oSd. Whan tho 

1 Until the time of Koplov, It AvaH imivoi'sally assuniod on jnotaphyeloal 
gi-ouiulH that tint or hits of tho colostlal botltos innst ncoosHarlly bo circular and 
doHCiibud with a niitfonn motion, “bticaiiBO,” as was roasoned, “tlio oli'clo is 
tho only jjcr/cri ourvo, and nniforni motion Is tho only porfoci, motion proper to 
/teauenfy bodies. ” 
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angle is small r' X r'^ — (sensibly) being the “ radius vector” 
drawn to the middle of cd ; and for sin oSd wo may put oM 
itself. Hence, area oScl = J- X <oSV?, — a constant, as obsor- 
vation shows j or, in other words, its radius veotor describes 
areas proportional to the times^ a law wliieli Keplor first diseoy- 
ered in 1609. 

if hr Fig. 53 ah^ cd^ and ef be portions of tlie orbit described 
by the earth in different weeks, the areas of the elliptical .sectors 
aSb, aiSd, and eiSf are all equal. A planet near perihelion 
moves faster than at aphelion in just sucli proportion us to pre- 
serve this relation. 

163, As Kepler left the matter this is a mere fact of obser- 
vation. Ho could give no reason for it. Newton aftorward.s 

proved tliat it is a noeessary con- 
sequence of the fact that the eartli 
moves under the action of a foi'ce 
ahoays directed towards the sun 
(Sec,s. 303 and 304). The law 
holds good in every case of orbital 
motion under a central attiuction 
and enables us to find tbo position 
of the earth or any planet, at any 
time, when wo once know the time of its orbital revolution, or 
“period,” and a date when it was at pcriliolion. Thus, the angle 
54), or fclio anomaly of the planet, must he such that the 
shaded area of the elliptical sector AilP will be tiiat portion of 

t 

the whole ellipse which is represented by the fraction — , T being 

the niiinber of days in the period and t the mimbor of days 
since tlio planet last passed perihelion. The S{)lution of this 
problem, known ns Kepler’s Problem, loads to a “ transcen- 
dental ” equation, and can bo found in all books on phys- 
ical astronomy, or in tlie Appendix to the autlior’s General 
Astronomy, 
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164. Changes in the Orbit of the Earth. — Wore it not for the 
attraction of the planets upon the earth and sun, fclie earth would 
maintain her orbit strictly unaltered from age to age, except 
that possibly in the course of millions of years the effect of 
falling meteors and the attraction of .some of the noarei’ stars 
might become barely sensible. In consequence, however, of 
the attractions of the other planets, it is found that, while the 
J\l(fjor Axis of the orbit and the Length of the Yea?' re?nai?i in 
the loyig nm unchanged other elements undergo slow variations 
Icjiown as “ secular perturbations.” 

(1) llevokUion of the Lma of Ajisides. This line, which now 
strotclies in both directions towards the opposite constellations 
of Gemini and Sagittarius, moves continually eastward (nc,, in 
the same direction as the planetary motions) at a rate wliich 
would carry it completely around the circle in about one 
hundred and eight thousand years, if the rate continued 
always the same as at present, — which, however, it will not, 
since it is affected by changes in the eoeentricity and by other 
eircnmstancos. 

(2) Qhange of lCooc?itvicity , At present the occentrioity of 
the earth's orbit, now 0.016, is slowly diminishiiig, and accord- 
ing to Levorrier will continue to do so for about twonty-four 
thousand years, when it will be only 0.003; la., the orbit will 
booomo almost circular. Then it will increase again for some 
forty thousand years and will continue to oscillate, ahvays keep- 
iny hetween zero a?ul (h07. But tlie successive oscillations are 
not equal either in amount or time, . — not at all like tlio “ swing 
of a mighty pendulum,” which has been rather a favoiito figure 
of speech with some writons. 

(3) Qhanye in the Ohliqniiy (f the fjcliptic, Tlie piano of 
the earth's orbit is also slowly changing its position, and as a 
coiisequonco tlie ecliptic shifts its place among the stars, thus 
slowly altering their latitudes and the between tlie equator 
and the ecliptic. The oUiquiiy is now about 24' les.s than it 
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was two tlicmsand ye<ars ago,^ and at prcaonl is dcorousiiig aliout 
0".5 yearly. After about fifteen thousand years, when the 
obliquity will bo only 22^°, it will begin to inerouso again and 
will “ oscillate ” like the eccentricity. Hut the whole change 
can never exceed about 1 on Oiicli side of the mean. 

(4) Feriodio DhLiirhances of the Earth in Us Orhit. Hosides 
these “secular perturbations” of the earth’s orhit^ the earth 
itself is all the time slightly disturbed in its orbit. On account 
of its connection with the moon, its center oscillates each month 
a few hundred miles above and below the true plane of the 
ecliptic; and by the action of the other planets it Is somotiinos 
set forward or backward or sideways to tlio extent of several 
thousand miles. Of course, every suedt displacement of the 
earth produces a correspon cling slight cihango in the apparent 
position of the sun, and indeed of all bodies observed from the 
earth, except the moon, which aceompanies tluj earth, and the 
stars, which are too far away to bo sensibly affected. 

165. Precession of the Equinoxes. — ’This is a slow westward 
motion of the equinoxes along the ecliptic ilrst disc.ovmnd by Hip- 
parchus about 125 n.c. i le found that the “year of the seasons,” 
from solstice to solstice, as determined 7u/ (he. </}wmon, was shorter 
than that detormiuod by the heliaoal rishm and settimj of the stars 
{i,c,t the times when (jcrtain constellations rise and set at sunset), 
just as if the equinox “jireccded,” i.r., “Htc])pod forward,” a 
little to moot the sun. I'lic difforonee betwecii the year of the 
seasons and the sidereal year is about twesnty minutes, tlio preoes- 
sion being 50'h2 yearly, so that the C(tuin()x makes the eomi>loto 
circuit of thoooliptio in tweiitydlvo thousand eight hundred yoam. 

It is a motion of the equator and not of the ecliptio winch 

I'l'lio ftucloiitfl dolormhipil llic “ oliltiuity ’’ with full' aommioy by obaorva- 
lionfi cf (lut (if tUd Hhiidow of llio /jnomoii at ibo two koIkUkcs, The 

iiiiRln 07/7h or tilhS' (Sor, l):i, Vi^. dO), in IwWo tlio ol^lUjutty. Tlio CIiIucbo 
rccoi'iln roll tain an obHorvatlon wlilcli imrpoi'iH to bo four tluniHand yoavB old 
and Is aiqiarontly gonuluo. 
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causes the precession, as is proved by tlio fact tliab tlie latitudes 
of the stars have changed but sliglitly in the last two thousand 
years, allowing that the eoliptiG maintains its position among 
them nearly unaltered. The right ascension and declination of 
the stars, on tlie other hand, are both found to be constantly 
changing, and this makes it certain that it is tho celestial ecinator 
whicli shifts its place. On account of this cliange in the place 
of the o(iuinox the loufjitudes of the stars increaso continually, 


— at a sensildy constant 
rate of 50". 2 a year, — 
nearly 50° in the last 



two thousand years. 
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tho earth travels around 
its orbit in the jilano of 
tbo ecliptic (just as if 
tliat plane were tho level surface of a sheet of ivater in which 
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the earth swims half immersed), its axis, J OX (Fig. 55), always 
preserves very nearly tho .same constant angle of witli tho 
perpoiidioular, BCT, Avhich, points to the polo of tho eoliptio. 
But, in oonsoquonco of precession, the axis, wliilo keeping its 
inclination unclianged, shifts conically around the line SC’J' 
(like tlie axi.s of a spinning top), taking up successively tho 
positions v/'f/, etc,, tlius carrying tho equinox from I'^to y\ 
and onwards,. 
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l-i6 

111 * consequence of tins shift of tho axis tho polo of tho 
heaYens, ie., llial point in the sky to which tlie lino C\-l liapiioiiH 
to ho directed at any time, dosci’ihes a cii'clo tiroiind tho polo of 
tho ecliptic in a period of alionb iwenty-fivo tliousand eight 
hundred years (360® ~h 50''. 2). While the polo of tho eclititio 
htis remained almost fixed among tho stars, the polo of tho 



equator 1ms traveled many degrees sineo tlio earliest ohservu- 
Lions, h^ig. 66 show.s approximatuln its jiatli among the nortlierii 
constellations j not exaathj^ of ooiu'se, on account of the eeiitimial 
slight shifting of tho jilaneof thoeartlfs orbit, wliiuli makes the 
pole of the eoliptio move aliont a little, so that tho ( am ter of the 
“processional circle is not an absolutely iixed point. 
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Reokoiiing buck about Xoiu* tliousiuul six hundred years, we see from the 
figure that a Dracoiiis was then the jiole-star, aiul about live tliousand six 
hundred years hence a Cepliei will take the ofiice. Tlie circle passes not 
very far from Yega on the opposite side from the present pole-star, so tliat 
about twelve thousand years from now Vega (a Lyra)) will bo the pole- 
star, — a splendid one but rather inconveniently far from the pole. 

N.B. — This precesslonal motion of tlio celestial poie must not bo confounded 
witii tiio motions of tiie terrestrial poie wiiicii cause the variations of latitude. 



167. Displacement of the Signs of the Zodiac. — Anotlicr 
effect of precession is that tiic sit/m of the zodiac (Sec. 157) 
do not now agree with 
the constellations of which 
they hoar the tiame. The 
sign of Aries is now in 
the constellation of Pisces, 
and so on. In the Inst 
two thousand years each 
sign lias hacked bodily, 
so to speak, into the oon- 
stellation west of it. 

Groat changes have 
taken place also in the 
apparent position of other constellations in the sky. Six thou- 
sand years ago the Southern Cross Avas visible in Rngland and 
Germany, and Cctiis never rose above the horizon, 

168. Physical Cause of Precession, — The j)hysical cause of 
this slow conical motion of the earth’s axis Avas Arst explained 
by NoAvton, and lies in the tAVo facts that the earth is not 
exactly spherical, but has, so to speak, a protuberant ring of 
matter around its equator, — the equatorial hulge^ — and that 
the sun and moon act uiion this ring, tending (but not able) to 
draAV the piano of tlio equator into coincidence AA'itb the plane 
of the ecliptic, ns a magnet tends to draw the plane of an iron 
ring into lino Avith its polo, 
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If it were not for tho earth’s rotation, thin action of the sun 
and moon would actually bring tho two pianos of tlio equator 
and ecliptic into coincidence j but since the earth is spinning 
on its axis, we get the same result that wo do with the whirling 
wheel of a gyroscope l)y Jianging a weight at one end of its 
axis (Fig. 67). We then have a combination of two rotations at 
right angles to each other — owq tho whirl of tho wheel, tho 
other the “tip” which tho weight tends to give tho axis. I’lio 
resultant effect — very surprising when tho experiment is soon 
for the first time — is that tho axis of tho wheel, instead of 
tipping, maintains its inclination unchanged, but moves around 
conically like tho axis of the earth, a.s shown in Fig. <66. Any 
force tending to change the diroction of tlio axis of a whirling 
body produces a motion exactly at right angles to its own 
direction. 

Compared with tho mass of tho earth and its enoi'gy of rota- 
tion, this disturbing force is very slight, and consoquently tho 
rate of precession is oxtronioly slow. If tho earth wore .spher- 
ical, there would bo no precession. If it revolved on its axis 
more slowly, precession would be more rapid, as it would bo 
also if tho sun and moon wore larger or nearer, or if tho 
obliquity of the ecliptic wore greater, not oxc(feding 4.6°. 

The moon, being nearer than tlie sun, is mueh th(5 more 
offoctivo of tho two in producing the proccHsiou. 

169. Equation of the Equinox. — Tlie force whicli tonds to 
pull tho equator towards tho eclipLio eoiitiniially varies. When 
the sun and moon arc crossing tlie colesl.ial o({uator tlio action 
becomes zero — twice a yoav Cor the siin, twice a month for the 
moon. Moreover, as wo shall see (See, 192), the maximum 
deoli nation attainod by the moon during tlio month eliange.s all 
tho way fi'om 18° 07' to 28° 47', and ils effiict in producing 
procession vanes eorresjiondingly. Asa nonso(|iicne(* tliero is, 
superposed upon the mean procession of the equinoxes, a small 
periodic variation in its I'ate, pi’odnciiig tho (ujuution of the 
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equinox^ a slight advancG or rooossiou of tlio (iquinox from 
its nioaii place never amounting to more than a few secoiuls 
of ai’c. 

170, Nutation, — This is a slight motion of the pole of tho 
equator alternately towards and from the pole of tho ecliptic, — 
a ‘‘nodding,*’ so to speak, of tho pole. In most positions of 
the sun or moon with respect to tho equator, thero is, in addi- 
tion to the “tipping” force, a sliglit thwarUvise action, tending 
to acGeleratn or retard the precession, just as if one should gently 
draw horizontally tho weiglit TP at tho end of the axis (Fig. r>7). 
'!rho actual effect in this case is ]iot to change tli.o rate of preces- 
sion in the least, but to alter the indinalion of the axis. This 
causes a nutation amounting to about 9", 2 as a maximum and 
running through its principal changes in nineteen years, — tho 
period in wJiich the nodes of the moon’s orbit eoinplefco tlioir 
circuit (See. 192). 

171. Aberration of Light. — Aherration'^ is tho afparmt dfs- 
2 ilacement of a heavenly body., dm to the eomhination ((f the orlnial 
velocity qf the earth with the velocity of Uyht, 

Tho fact that liglit is not transmitted instantaneously, hut 
with a finite velocity, causes the disjdncoment of an object 
viewed from any moving station, unless the motion is directly 
towards or from that object. If tlio motion of tho observer 
i.s slow as oomparod witli the sjieed of light, this displace- 
ment is insensible-} but the earth moves swiftly enough (about 
18 J miles per second) to make it easily observable witli modern 
instruments, 'fhe dii'oction in whicli we point our teloscoj^o to 
observe a star is usually not the same as if wi! were at rest, and 
the angle between tho two directions is the star’s aberration 
at tho moment. 

Wo may illustrate this hy considering wliat would happen in 
the case of falling raindrops observed by a person in motion. 

. ^ Tl; wdfl first dlscovoi'otl anti explainuil In 1720 by IJriidloy, tlion tho Kngllali 

Astvonomov Uoyal. 
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Suppose tlie observer staiicliug’ with a tube in liis lifliUd while 
the cli'ops are falling vertically. If he wishes to have the drops 
descend through the tube without touching the .side, lie must 
obviously keep it vertical so long as he staiuls still; hut if ho 
advances in any direction, the drops will strike his ftico and 
he will have to draw back the bottom of the tube 58) by 
an amount which equals the advance ho makes during the tiniti 
while a drop is falling through it ; ?.e., ho must incline the tube 
forward at an angle, «, which depends both u])oii the velocity 
of the raindrop and the velocity of his own motion, so tliat when 
the drop which entered the tube at H reaches the bottom of 

the tube will bo tlioro also. 
'Phis angle is giv{!n by the 
equation 

tan n — 

in which /’"is the volotfit^’^ of tiio 
drop, and u tl>e v('looity of the 
obsorvor at right angles to T. 

It in li'iKi tImL (.IiIh illiistnvlioii is 
nol a (1<nii(itiHli'aUo]i,*])i>(!aiiH(i liglil. 

Pio, 58. — ALorrfttlon of n Uanulrop (|(i(ih nol ('(inHiHl of jhvi'h'Iik nimiiig 

lowtinln 1IH, liui. oi' itutri'n li'niiHiiiil|<‘il 
through the ether of space, hut it Jiaa hcoil shown (llioiigh tho jirnuf in 
by no means elementary) that, Mithin very narrow liinils, if not exnully, 
the apparent direction of th3 motion of a imvp is aflVuted in jireulsi'ly thu 
same way as that of a moving iirojectile. 

172. The Constant of Aberration. — Ily the tllHouHsion of thou- 
sands of observations ujion stars during Ihe pimt iifly yinirs, 
it is found that tlie maximum ahevration of a Htjii*. — Ihe Hiiim* 
for all stars— -is about 20".5,^ wliich is called tho Oomtanl of 
Aherratioiu This maximum displacement oetuirs, of course, 

^Tfifs value is nneortain by at 1cn«l 0.03 or O.OH of a aeenml. Tim Aai.-o- 
nomical Congress at Paris in 180(1 adopleil Uiu valno 20’* AT. 




TIIK OHl^ri^AT. MOI'TON OP TIIK TSAllTJE 


151 , 

whenever tlio sun’s motion is at right angles to the lino drawn 
from the oartii to the star, alwa3’’s twice a year. 

A star at the pole of the ecliptic is, liowever, permanently Aim mi* 
in a direction perpendicnlar to the oartlds motion, and will 
therefore always bo displaced b 3 ''tlie same amount of 20'’. 5, hut lunmniiy liy 
in a direction continually changiny. It tliercfore apiiears to 
describe during the year as its “ aberrational orbit ” a little circle 
41 ” in diameter, 

A star on the ecliptic (Jatitude 0°) appears simply to os cilia to 
hack and forth in a straiylit line 4i” hny. 

Between the ecliptic and its polo the aberrational orbit is an 
ellipse liaving’ its major axis parallel to the ecliptic ami always 
41 .” lony,, wliile its minor axis depends upon the star’s latitude, 

/3, and alwa 3 '^s equals-.^jf'' sin 

Tlnini is also a very iliumul nherrcHon (Uus to tlio rotation of Iho 
oavtii, its ninoant (loixiadiiig on tlio obfiorvor’s lutiluila ami raiigiii};*' from 
at tlio oqiiator to /-oro at tlio polo. 

173 , Determination of the Earth's Orbital Velocity and the jUMiiim-ti of 
Mean Distance of the Sun by Means of Aberration. — From 

diilni-iiiiiiiMl 

See. 171, tan a ~ -rjn which gives i” tan w in tlii.s ease by n^'aiiH of 

r (tbomitltiii. 

being the velocity of the earth in its orbit and V tlie velocit}'' 
of light, while a is the constant of aberration. The experi- 
ment of Micholsoir and jShjwoomb {Physic,% p, 604) (eon- 
lirmod in 1900 by Porrotiu’s experiments at I'aris by a difforent Thoimum. 
inethod) make Feriual 186830 miles a second, witli a probable '“‘‘’'i voIimn 

„ , nr viT 1 1 1 ^ » Uyuriiaiii, 

error or about 26 mdes. Wo Jiave, therefore, «, the volooit}'' 
of tlio earth in it orbit, equals 180380 x tan 20", 47 = 18.6 
iiulo.s. 

1'lie eircumforonee of the Orbit, regarded as oiroular (wliicli hkhuIUhk 
in the ease of tlie earth involves no sensible error), is found 

1 , , , . , . 1 , ,, r ^ 1 . .. UmKlIll'M 

by multiply ing tins velocity, 18.6, by Ibu nnmiier of mean (U«(nan-. 
solar .seconds in the sidereal year (See, 182). Dividing tins 
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circumfereiico by 2 tt, wg find tlio radius of tho orbifc, or .tlio 
mean distance of the sun, to be very nearly 92 900000 miles. 

The uncertainty of the constant of aberratioji affects the 
Auumutor distance proportionally, by perhaps 100000 miles. Still tlie 
unvorlaiiity. method is one of the very best of all that wo possess for deter- 
mining the value of “ tlic astronomical unit. 

174r, Solar Time and the Equation of Time. — Since the sun 
makes the circuit of tlio heavens in a year, moving always 
.Soinv (lay towards the east, the solar day, as has been already explained 
aijoutfom- ^ preceding article, is about four minutes longer than the 
lollgw ihnn sidereal day, the differenco amounting to exactly one day in a 
the sidei-onl. yoav; i.e,, while in a sidereal year there are 8 00 1 (nearly) sidereal 
days, there are only 366:1 solar days. jAloreovei', tlio sun’s 
Apparent advance in right ascension between two sneeessive noons varies 
fioinrdiiys materially, so that the apparent solar days are not all of tlio 
unequal same length. Doeoinber 23 is fifty-one seconds longer than 
length. September 16. 

Aooorclingly, as already explained (Sec. 98), mean (.me has 
Tlio iietuioiia booii adopted, which is kept by a “fictitious,” or “mean,” sun 
moving uniformly in the equator at the same avorago rate as 
that of the real snn in the ecliptic, .riie hour angle of this 
mean snn is the local mean time^ or clock time, while the hour 
angle of the real sim is tlio apparent, or sun-dial, time. 

The Mqualion of time is the difference between these two 
times reckoned as plus when the sun-diiil is sloiuer than the 
clock and mitvus when it is faster; Le., it is the eoiTeetion which 
must bo added (algebraically) to apparent time in order to got 
mean time, and this is simply equal to the differenco between 
Doiiiiition the right aseonsious of the iiotitious sim and the true snn j so 
lajji oUhi'o t^n-llbig the equation of time E, we imiy write M == a^ — 

in which a^ i.s the rigid ascension of tlie true sun and the 
right ascension of the mean sun. AVhen a, is greater than 
the real sun comes to the meridian later than the true sun, and 
the snn-cliid is slou) of mean time. 
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Tlie principal causes of this difference are two : 

(1) The variahU ^notion of the sun in the ediptie^ due to the 
ecoentridty of the earth's orbit 

(2) The obliquity of the eoliptio, 

175, Eitfect of the Eccentricity of the Earth’s Orbit. — Ilear 
perihelion, which occurs about I) ec ember 31, the sun’s eastward 
motion on tJie ecliptic is most rapid. At tins time, accordingly, 
the apparent solar days, for this reason, exceed /the sidereal by 
more than the average amount, nnildng the anil-dial days longer 
tliau the mean. The sun-dial will tlierefore lose time at this 
season and will, so far as this cause is concerned, continue to 
do so until the motion of the sun falls to its average value, as 
it will at the end of three months; at this time tho differenoc 
will have amounted to about 7;} minutes. Tbeii tiie suii-dial 
will gain until aphelion, and at that time tlie clock and sun- 
dial will once more agree. During tlio remaining half of the 
year tho action will bo reversed, 'riie equation of time, tliere- 
fore, so far as duo to this cause only, is about 4- Til minutos in 
tho spring, and — 79^ in the autumn. 

176. Effect of the Obliquity of the Ecliptic. — Even if tlio 
sun’s motion in longitude (i.c,, along tho ecliptic) were uniform, 
its motion in right ascension would bb variable, If tlie true 
and fictitious suns wore together at tho vernal equinox, one 
moving uniformly in the ecliptic and the other in the equator, 
they would indeed be together (f.c,, luivo tlio same right ascen- 
sions) at tho two solstices and at the other equinox, because it 
is ' just 180'’ from equinox to e([uinox and tho solstices are 
exactly lialf-way bet ween them ; but at any point between the 
sohstices and equinoxes their right ascensions would dilfer. 

Tliis is easily seen by taking a celestial globe and marking 
on tile ooUptio tho point on (Fig. 50), half-way between tlie 
vernal equinox .lH and tho summer solstice C\ and also marking 
a point n on tlie equator 46® from tho oipiinox. It will be soen 
at oiiee that the former point is west f)f the diil'erenee of 
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Tight ascension being m'n^ so timt m in Uio apparont tUiirnal 
Tovolution of the sky Avill come first to the incnttiaii.^ In other 
words, about six weeks after each equinox, Aviien the sun is lialf- 
way between the equinox and tlio solstice, the sun-dial, se fur 
m the obliquity of the ecUjHie is concerned^ i^faeter than Uio clock, 
and this component of the e<{uation of time is mbius^ amounting 
to nearly ten minutes. Of course, the same thing holds, with 
the necossaiy changes, for the other ([uadrants. 

If the ecliptic bo divided into equal portions from JiJ to 
and hour-circles be drawn from /’ through the points of division, 
it is clear that near JH the portions of the ecliptic arc longer 

than tlie corresponding portions 
of the etpiator. On the other 
hand, near the solstice C tlic 
arc of the ecliptic is shorter 
than the coiTcsponding arc of 
the equator, on aciiount of the 
diveryence of the hoxir-eircles as 
they recode from the polo. 

177. Combination of the 
Effects of the Two Causes. — 
Wo can represent the two com- 
ponents of the equation of time and the result of their coinbi- 
iiation by a graphical construction (h^ig. (iO). 

The central horizontal lino is a scale of dales one year long, 
the months being indicated at the top. 'Ifiio dotted (nirve shows 
that component of the equation of time which is due to the 
eccentricity of the oartlFs orbit. In the same way the hrohen- 
line cum denotes the effect of the obliijuity of the ecliptic. 
The heavy-line curve represents the oombinod effect of tlio two 


p 



Fio. CO 


1 Tn the figiu'O tlio otsorver 1 b .supposed In ho looking at tlio gloho the 
west, J?, llio vernal oijuinox, bolng at Iho west point of tlio liorizon. ICO A Is 
tho ecliptic, ll8 polo holngir; wlillo Ei^AT Is tlio colosllal ociiialor, Its polo 
(of diurnal rotation) being P, 
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cauMos, its ordinate at etieli point being made equal to tho 
algebraic sum of the ordinates of tlio (jtlier two curves. Tlio 
heuyj^-line curve is carefully laid out from tlio Nautical Almanac 
for 1902 (a mean year in tho “ leap-year cycle ”) and will give 
the equation of time for any date during tlio next fifty yearn 
within less than half a minute ; ]iot exactly, because from year 
to year tlie equation of time for any day of the month varies 
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a few secondvS. The small recttangles roekoned horiy.oiUiilly 
represent fifteen-day intervals ; vertically, intervals of five^ 
minutes. 

The two causes discussed above are only the primnpal one^i 
Every perturbation suffered by tho earth slightly luodifios tho 
result, but all other causes comliinod never affect tho equation 
of time by as much as ten seconds. 

The equation of time becomes '/ero four times yearly, as Arill 
be seen from the figure, — about April 15, .iune 14, Beptom- 
hor 1, and December 24 ; but the dates vary a little from year 
to year, 
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178, The Seasons. — The earth ii^ its orbital motion keeps its 
axis nearly parallel to itself for the same mechanical reason 
that a spinning globe maintains tire direction of its axis nnloss 
disturbed by some outside force, — very prettily illustrated by 
the gyroscope. Since this axis is not perpendicular to the 

piano of its orbit, the poles of the earth vary in their presenta- Altonmio 
tion to the sun, as shoAvn in Tig. 61. At the two equinoxes, 

, or, 1 1 Cl 1 , of IKH'lll 

March 21 and Septeml)er 22, the plane or the earth s equator scmtii imiIch 
passes through the sun, so that the circle which divide.s day ofthocnrih 
from night upon the earth passes throngli tlie pole, as shown in 
Fig. 62, J}\ and day and night are thou everywhere equal. On 
Jujie 21 the earth is so situated that its north polo is iueliued 
towards the sun by about 23^°, as shown in Fig. 62, A, The 
south polo is then in the unillumi- 
nated half of the globe, while the 
north pole receives sunlight all day 
long; and in all portions of the north- 
ern homisphoro tlie day is longer 
than the night, and vioo versa in the 
southern hemisphere. At the time fiu, 02 ,—rosiUt)n or Polo at 

„ , . 1 , 1. Solstice andEqiUiiOX 

of the winter solstice these condi- 
tions are reversed and the south polo has perpetual sun- 
si line. On the equator day and night are equal at all times 
of tlio year, and there are no seasons in the proper sense of 
the word. 

'The midnight sun and other phenomena in the neighborhood station in 
of the polo bnvo already been discussed (Sec. 36). hVmiHpaom 

179. Effects on Temperature. — The changes in the duration m-oivow 
of insolation (exposure to sunshine) at any place involve change.^ 

1.^. ‘^1. . 1.1 tlio iwumgw 

of temperature and of otlier chmatio conditions which produce 
the sea.sons. Taking as a standard the average amount of lie at I'^at in a 
recoivod from the sun in twenty-four liours on the day of the 
equinox, it is clear that tlie surface of the soil at any place in ot ufiimior. 
tlie northern hemisphere Avill receive each twenty-four hours 
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more fit an iho avnnigo of luaiL whenovur iho sun is north of the 
coluHliul eguaior, and lor two reasons : 

(1) Snnshino lusts nioro limn ImU’ the day. 

(2) 'The moan allitiuh oC the sun while aliovo iho horizon is 
greater than at the time ol tlio equinox. 

Now the move obU([uely the rays strike the loss heat they 
bring' to eaeli sijuare ineJi oC the surCuee, as is oln’hnis from 
Fig. llii. A Imam of sunsliiue having a eiuss-seelioiq JHCf\ 
is .spread over a larger area when it strikes ohliipiely tlian when 
vurtieally, its heating enideiiey being in inverse ratio to the 
Hurtaeu over whieh the heat is distributed. If Q is iho amount 
of heat per square motor of area brought ]>y the rays wlioii full- 

ing perpondieularly, as on the aui’- 
fueo J{\ ilioii oil -fc, on which it 
strikes at tlie angle /i (equal to tho 
sun’s altitude), tho amount pov 
sipiare meter will ho only fp X sin A. 
Moreover, tliis (Ufferonco in favor 
of tiiu more nearly vortical rays is. 
Fm. smi'H icioviali.ii ('xagge rated by tlio absorption of 

oil Aiiiimiii of iiciu iiiiiHU'iod lo iiimi, bi t],(, atmoHpliore, since iiiys 

that are nearly horizontal have lO 
traverse a nuieh greater thuikness of air hoforo reaolnng the 
gronmh 

I<k)r tliese two I’easons, tliereforo, at a jilaeo in tlic nortijcrn 
homispliore the mean tenqjeratui'o of tlie day rises rapidly os 
the sun eomi'S north of the equator, tlnis eausiiig summer. | 
180. Time of Highest Temperature. — ^Ve receive tlic moat 
heat in iwonty-fmir hours at tlio tiiiie of tlio summer solstioo-] 
but this is not tho liottest time of the season for tho obvtdilipl 
reason that tho weather is still getting hotter, and tho inaiCb 
mum will not ho reached vn/il iho incroam ooam mot 
until tile amount of lieat hn^l in twenty-four hours equals that? 
nooivod^ wliich oeeurs in onr latitiule about August 1. Ifp* 
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similar reasons the ininimnm teniperature of winter occurs 
about February 1. 

Since the weather is not entirely “ made on the si’)ot where 
it is usecl,’^ but is much influenced hy winds and currents that 
come from great distances, tlie actual date of tlie maximum tem- 
perature at any particular place cannot be determined beforehand 
by mere astronomical considerations, but varies considerably 
from year to year. The great differences between the seasons 
of different years are as yet mostly without explanation. 

181, Difference between Seasons in Northern and Southern 
Hemispheres. — ■ Sineo in December the distance of the earth 
from the siiu is about three per cent less than it is in June, the 
earth as a wliole receives hourly about six per cent more heat 
in December than in June, the lioat received varying inversely 
as the square of the distance. For this reason the southern 
summer, which ooours in December and January, is hotter than 
the nortiiern, It is, however, seven days shorter, because the 
earth moves more rapidTy in that part’ of its orbit, The total 
amount of heat per aero received during the whole summer 
is therefore sensibly the same in each hemisphere, the short- 
ness of the .southern summer making up for its increased 
warmth. 

The southern winter^, ho wove]’, is hotli longer and colder than 
the nortiiern, and it has boon vigorously maintained by certain 
geologists that, on the whole, the ]ncan annual temperature of 
the hemisphei’G which has its winter at the time when the earth 
is in aphelion is lower tlian the ojiposito one. It has been 
attempted to account for the glacial epochs in tins way, but the 
explanation is very doubtful. 

On account of the motion of the apsides of the earth’s orbit 
(See. 164) the present state of things will he reversed in about 
ton thousand years; the perihelion will then bo reached in 
tTiine^ and tlie nortiiern summer will then be the shorter and 
the hotter one. 
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182, The Three Kinds of Year. — Thvoc diffoveuL hinds of 
“yeiu'”ni'c now recognizod, — Uio ddereal^ tho troimal oi*<? 5 ta- 
noctiaU nnd tlio anomalutio, 

Tlio Sidereal Yea)\ as iis naino implic.s, in llio time occu- 
pied by tho suiv in appavontly (iomploting tho circuit of tlio 
hoavons from a (jlven slur io the same star a(fain. Its length is 
366'*6'’9"'9’* of nK3an solar time (OOfi'bSSGSb). 

From tho mechanical iioint of view this is tlio true year; f.e., 
it is tho time occujiiod by the earth in making one cojnplolo 
revolution around the .sun from a given direction in space to 
the same direction again. 

Tho Tropical Year is tlic tiino inchided botwoon two sue- . 
cessivo passages of tho vernal erpiinox by tlio sun, On account ! 
of precession (See. 106) thootiiiinox moves ycstu'ly 60'b2 towards , 
tho west, so that tho tropical year is .shortor than tho sidereal, 
its length ])cing 306'T)M8"’4r)'’.6 (3(ir)'b242t0), Its length was 
determined by tho ancients with eonsidorablo aoourtioy, as 806.J 
da 3 's, by means of tho gnomon ; they noted tho dates at which' | 
tho noonday shadow was longest (or -sliorlost), z.d., tho date of i 
the solstice. 

Since tho seasons do pond on the sun's place with respect to 
tho ccpiinox, tho tropical year is the year of elironology and' , 
civil reckoning. WheneVG)’ a period of so many years is spoken i 
of wo alwaj'S uiidcrsUuid tropical years, unless olhonviso dis* ' 
tinctly indicated. , ' : 

The third kind of year is the Anomalistio Tear, — tho UlhO ' 
• between two suceossivo passages of (ho poriliolion. Since tllO', 
lino of apsides of tho oartli’s orbit moves eastward about 11*. a 
yeiu’ (Sec, 164), this Idnd of year is nearly five minutes longor'": 
than tho sidereal, its length being 306‘’()’'18"'48‘’ (3()r)‘b26968)/' ^ 

It is little used, oxcc])t in calculations rolating io porturbA* ■ ; 
tions. . 

183. The Calendar. — 'I'lio iiatui’al units of time are tho day, 
month, and year. Tho day is too short for convonionop ' in:. 


Natural 
timo units. 
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dealing with considerable periods, — such as the life of a man, 
for instance ; and tlie same is true oven of tlie month, so that 
for all ohi’onologioal purposes the tropical year — the year of 
the seasons — has always been omplo 3 '-od. At the same time, so 
many religious ideas and observations have been connected with 
tile changes of the moon that there was long a constant struggle to 
reconcile tl)o month with tlie year. Since the two are incommen- 
surable, no reall}'’ satisfactory solution is possible, and tlie modern 
calendar of civilized nations entirely disregards tlie moon. 

Ill the imchoit times tlio eatdulnr was in the hands ol the in'htslhoocl 
ami was predominantly lumir, the seasons eillior 1 icing disregarded or kept I.unar 
roiiglily in place by tlic <iccasional intercalation or dropping of a moutli. calomlnrs. 
The principal Mohammedan nations still use a purely lunar calendar Iniviiig 
a year of Iwelvo lunar mouths containing alter iiatcly 3d't and <155 days. In 
Llioii- reckoning, tliercforo, the montlis and their roligious festivals fall con- 
tin nuUy in dilferont seasons, and thoir caloiidar gains on ours about one 
year in tliirty- throe. 

184. The Julian Calendar, — Whou Julius Ctesnr came into 

power ho found tlie Komnii calendar in a state of liopoless oon- 

fusiou. Ho tlicreforo sought the advice of the Alexandrian 

astronomer Sosigenes, ajid in accordance Avith liis suggestions 

established (45 b.o.) wliat i.s knoAvn as the Julian ealendar^ ThcJuiinn 

whicli still, oitiier untouched or Avith a trilling modification, = 

. . . , . TT T 1 1 1 fourth 

continues in use among all civilized nations. Ho discarded all yonv a leap- 

consideration of the moon, and adopting 8fi6;l tlay.s as the true 

length of the year, ho ordained that every fourth year should 

contain HfiO days, the extra day being inserted by repeating the 

sixth day before the (jalends of March, AvhoncG such a year is 

called ImcMile, Ho also transferred to January 1, the lieghi- Aviiyioay- 

niiig of the year, Avhich until then had been in March (as is 

indicated by the names of .several of the months, as September, mo.** 

^.<3., tilo BCMnih month, etc,). 

Cuisar also took possession of the month Quintilis, naming 
it July after himself. His successor, Augustus, in a similar 
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manner ai>propriatcd ilio next nionUi, Sextilis, calling it Auf/usty 
and to vindicate liis dignity and make his month ns long as liis 
predecessor’s lie added to it a da}'- stolen from Fohriiary. 

The *fnlian calendar is still used unmodified in Ilussia and 
liy the Greek Cduireli gonorally, 

185. The Gregorian Calendar. — The true length of the tropi- 
cal year is not 1305 1 days, but 3G5'’5’'18'”45®.6, leaving a dilfoi'- 
cnee of tl"‘ll‘’,5 by whicli the Julian year is too long. This 
amounts to a little more than three days in four hundred yoais. 

As a consequence, in the Julian calendar the dale of thovovual 
equinox comes earlier and oarlior as time goes on, and in 1682 
it had fallen back to the Jlth of March instead of occurniig 
oirthe 21st, as it did at the time of tlio Council of Nice, a.d* 326. 

Pope Gregory, tlioroforo, under the advice of the distinguished 
asti'onoraor Claviiis, oj'dercd that the calendar should he cal'* 
rooted by dropping ten clays^ so that tlio day following Oct,„ 4, 
1682, should bo called the Ibtli instead of the 5th ; and furthori | ' 
to prevent any future displacement of the equinox, ho deorood 
that thereafter only suoh century years should he leap-years as 

are divisible by 4 OO, (Thus, 1700, 1800, 1900, 2100, and so on, ' 
arc not leap-years, wliile IGOO and 2000 arc.) ' , 

186, The change ■\va.s immediately adopted by all CalhoUo 

countries, but tlie Greek Church and most Protestant nations c 
refused to rocogniy.o the Pope’s authority, It was, howoVor) ' 
finally adopted in Bngland by an act oC Parliament, passed in,;', 
1761, providing that the year 1752 should begin on January 1 ■ 
(instead of March 25, as had long boon the rule in England) 
and that the day following Sept. 2, 1752, should ho rookonod, ; , , . i 
as the 11th instead of the 3d, thus dropping eleven days. ; ' ' 

Tlio cliangG was biUorly opposoU by many, aiul thoro "wove riots in cbiiso* , ■ ■ s 
quonefi in va'l'iou.s jmivIh of lias country, espocially at Urislol, whoi'o sovqi'wl ; 
persons woi’o killed, Tlio ory o£ the people was, “ Give iia back our fort* ' j'..,; 
inghl,” for they supposed they bad been robbed of (Ooven days, afbliougli 1 , ,.j 
the act of Parliament was carefully framed to prevent any injiistico iu iho, 
collection of inlorost, payment of rents, etc, ■ 
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At> present, since the years 1800 and 1900 were leap-years in 
Julian calendar and not in the Gregorian, the difference 
Ijc tween the tAvo calendars is thirteen clayn; thus, in Russia the ProKont 
^2d of June is reckoned the 9th, but in that country both dates 

ordinarily used for scientific purposes, so that the date would wiicudm-s 5 h 

written June dayrnlid 

\Vlien Alaska ivas annexed to the United States the official ronmin 
^latc liad to bo changed by only eleven days, one day being so until tbo 
jprovided for in the alteration from the Asiatic reckoning to the 
A-uiorioau (See. 111). 

187. The Metonic Cycle and Golden Number. — In establishing 
0 , relation between the solar and lunar years, the discovery of 

so-called hmar (or Metonic) cycle by Meton, about 488 b.c., tiui Motonio 
oonsiderably simplified matters. This cycle consists of 286 
j^yiioclic months (from now moon to new again), Avhich is very yonrs— very 
(ipproximatoly equal to niiieteeu 'common years of 805 1 days. 
fTliO onloiidar for the phases of the moon is, therefore (with very hiomHih. 
raro exceptions), the same for any two years nineteen years apait; 

.j.e., tlio calendar of the phases of the moon, and of all ecclesias- 
ticnl liolidays which depend upon tliem (Raster, etc.), is the 
^amo for 1901 as for 1872 and 1920. But the dates are liable 
to a shift of a single day, according to the inunber of leap-years 
whioh intervene. This cycle is still employed in the ecclesias- 
tical calendar in determining the time of Easter. 

Tho golden nnmher of a year is its numhor in this Metonic Tiifi“goUicii 
cycle and is found by adding 1 to the date number of tlie year 
find dividing by 19. 'I.'lie remainder, unless Kero, is the golden 
iimiibor. If it comes out Kero, 19 is taken. Thus, tlio golden 
iiviiiihor for tlie year 1902 is 8. 

188. The Julian Period and Julian Epoch,— The Julian Period Tiio jniiim 
consists of 798Q Julian years (28 x 19 x 15), eacli contain- 

ing* exactly 865-1; days, and its starting-point, or Pponh^ is atuuidty.i. 
Jan. 1, 4713 n.o., — the Julian date of Jan. 1, a.d. 1, being 
J.E. 4714. 
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Tlie Ryslem was i)r()j[)()SO(I l)y J. 8oaligor in 1582 us a utti- 
vei'sal liarmonizer of Llio tUiforeiii sysLoms of chronologtoul 
reckoning then in use^ and its adoption Jias brought onlor out 
of confusion. It is extensively employed in astronomical calcn*' 
latioiis, the date of any phenonieiion being expressed hoyond all 
ambiguity either by the (Julian) year and day, or still inoi'C 
simply by “ day number ” so and so of the Julian era. Tims, tlio 
date of the solar eclipse of Aug. 9, 1890, is J.hh 0609, 222d day, 
or simpl}'^ Julian day 2 41 3781 ; and this is pcrfeotly definilo to 
every astronomer of wliatevcr nation, — American, Husainii, . 
Arabian, or Chinese. 

The number of days between any two events, even conluinea^ 
apart, is at once found by merely laldng the difference bolwoeil 
their Julian day numbers. i; 

The Almanac gives foi‘ each year its Julian inunher, and also tlipiTiillati , . 
day number for January I of that your, ' ; 

1900 is Julian year CO 1 a. Jan. 1, 1000, is Julian day 2d 1,5021. 

1902 “ » “ 0015. « 1, 1002, » « 2 '115751.' ; 

ararch 10, 1002, “ “ » 2116820, 

Por a fuller explanation of (lie considerations on wliieli this syalqiTlt. ■. 
of reckoning is founded, the render is rfJerred to Ilorscliel's Omfiae* iijf 
Aslronomj/t Art. 02*1. ' 


EXERCISES 


1. IVhafc is the meridian altitude of Iho sun at Princeton (bat. <10° 21^ '■ , 

on the day of the summor solstice V ''[• ■ 

2. What is the sun’s approximate right nscimsion at that Uino? ■ , . -i 

3. On u'liat days during tlio year will the .sun’s right asGOiislon ihftr .;i', ■' 
approximately an even liour (j.c., 0 houra, 2 hours, 1 hours, etc.)? , ' 

4. On what days will it bo an odd hour? 

B. AYhat is the (approximate) sidereal lime at 10 n.Jf. on IMny 12? ■ ' ■ ' i 

ylus. 

6. At what lime will Arcturus (R.A. ~ l*P>l(l>") come to the luorlrtian ' , ^ 

on August 1? ylH.s. About 'pisJEf, , 

7. About what time of night is j\nKar (H.A. = 18*‘20''‘) vertically UfWlc'P '■ j ^ 

the pole on October 10 V dju*. V , , 
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8. In wliai, liRitudo has thu sun a juoridian uUitudn of 80^ on Juiks 21 V 

yinv. H-J1!1°27L 

9. AVhatnve tliu loiigitiuln and Intifuda (colestiiil) of the iiovth ntdcistial 

pole? yl«s. Long. 90°, Lnt. 00° OiF. 

10. Wliat are tho riglit ascension and declination of the north polo of 

the ecliptic? R.A. 18>>, Doo, (10° 111!'. 

11. IVliat are tho greatest and least angles made by the ecliptic with 
tho horizon at Jlew York (Lat, 40° 4!3') ? 

( Affix 70<* AiU 

A ns. (90° - 40° 'J iL) ± 20° 27' = \ , I, ' 

^ i Mill. 25° 50 . 

12. Docs tlio vernal equinox ahvays occur on tho same day of tlio 
month? If not, why not? How much can tho date vary? 

13. "Will the ephenioris of tho .sun for ono year bo correct foi* every 
other year, and, if not, how ninch can it be in error? 

yl ?!.<(. A dilforoneo of 1-J- days’ motion of tlio sun is possiblo; ns, for 
instance, between 1897 and 1003, tho leap-year being omitted in 1900, 

14. When the sun is in tho sign of Cancer in what consleUniion is ho? 

IB. What olilitpiity of tho ecliptic would reduce tho width of tho toni- 
porato zone to zero ? 

16. At a place west of Philadelphia an observer finds that his local 

appuronl time on October 1, ns deterinincd from tho snn hy sextant, was 
H>aJK)8 slow of eastern standard time. Tho equation of time on that date 
is — What was his longitude from Greenwich? yl/af. 5''18"‘n88. 

17. At what standard time will tho snn como to tho nioHdian on 

March 21 at Boston (Long, 4'>44*" west of Greenwich), tho etj nation of 
time being -I- 7’"28»? A«,s’, ll'iSl’i'SH”. 

18. When the equation of time is 10 minutes, ns it is on I^ovoinlier 1, 
how does the hminooii from sunrise till 12 o’clock compare in Icngtli with 
the afternoon from 12 o’clook till sunset? 

10. Why do the afternoons begin to lengthen about December 8, a fort- 
niglit before tho winter solstice ? 

20. There were nve Wundays in Fidiruary, 188{). 'I'he same thing has 

not oecm’J'od since, and will not until when? yla.s’. 11)20, 

21, WTiat was tlio llussian date corresponding to Feh. 28, 1900, in our 
oaUiiulur? Wiiat eorresiionding to May 1 of the same year? 

/la.'i. February 16 ; April 18. 
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THE MOON 

Tlie Jloon’s Orbitnl Jlutlon niut tlio Jronlli'-Dialftm't', l>iiiinnHi<niH, Ui*iml(y, 
imd Force ot (travlty — Kolatlon anil JJlinvtiiins— PIihsch I.IkIiI lunl Heal 
Pliysical ConclUion — Telescopic Aspect nnd I’ccnllurltlcK of ilm liiumr Hiirfaco 

189, Next to tho ami, tho moon is tlio most oonspiououH and 
to m tho most important of tho lioavoiily laiilms, -in (‘uol, l-lio 
only one except tho siui which cxortH the slightest iiiJlutauto 
upon human life. If the star, a and planets woj’o all i‘xlin- 
giiished, our e^es would miss thorn, and Llmt is all ; hut if Ihu 
moon were annihilated, tho intorosts of eonrmercai U'lmhl 1 h» 
soriously affected by tho practical coa.sation of the lide.s, Sim 
owes her conspicuousness and importauoe, however, siilely iuluT 
nearness, for she is really a very insignificant hotly tis umnimrotl 
with tho stars and the planots. 

And 3 ^cfc, astronomically, she perhaps ranlcs highest luimng 
the heavenly bodies. The very beginnings of the seimu'e stieiu 
to have originated in tho study of her motions iiiul of the diil’ev- 
ent phenomena which she causes, such as ilio eclipsuH and (he 
tides; and in tho development of modorii thoorotieal aslrtui- 
oniy the “lunar theory,” with tho problems U raises, has been 
perhaps the most fertile field of discovery and invention. 

190. The Moon’s Apparent Motion; Beflnltlon of Terms, etc. 
— Ono of tho earliest observed of astrimoinieal jdiononicnia 
must have been tho eastward motion of tho moon wiLli ruCuroneu 
-to the sun and stars and tho acoompanying cdianges of plmst!. 
H we note tho moon to-night as very near somo uonspiuuouH 
star, wo shall find lier to-moiTow night at a imint 4ihruit tfi” 
farther east, and tho next night as nuioh farther sUH"; slio 

100 
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makes a complete circuit of the heavens, from star to star 
again, in about 27^- days. In other words, she “revolves 
around the earth” in that time, while she accompanies ns in 
our annual journey around the sun. 

Since the moon moves eastward among the stars so much 
faste]' than the sun, she overtakes and passes him at regular 
intervals ; and as her phases depend npou lier apptu'ont position 
with respect to the sun, this interval from now moon to new 
moon is specially notice able and is wliat wo ordinarily under- 
stand as the months — technically, the synodic months 

The JPjlonyation of the moon is her angular distance east or 
west of the sun at any time. At new moon it is zero, and the 
moon is said to be in Go7ijunotion, At full moon the olon- 
gation is 180*^, and she is said to bo in Opposition, In both 
cases the moon is in Byzygy^ i.e.^ the sun, moon, and earth are 
ranged nearly along a straight line. When the olongatiou is 
90° slie is said to be in Quadrature. 

191. Sidereal and Synodic Months. — The Sidereal Month 
is the time it takes the moon to malco her revolution fimn a 
ywen star to the sa7ne star again as seen from the center of 
the oartli. It averages 27'‘7'*dB“’ll®.66 (27''. 82166), but it varies 
some throe liours on account of “perturbations.” TJio moan 
daily motion is 360° 27.32166, or 13° 11 ^ Moclianieally 

considered, the sidereal mo7ith is the true month. 

The synodic month is the time between two sucoossive con- 
junctions or oppositions, ie., between successive now or full 
moons. Its average value i.s 29'’12M4'"2".86, but it varies 
nearly thirteen hours, mainly on account of the oceeutricity of 
the lunar orbit. As lias boon said already, this syiiodio month 
is what wo ordinarily moan when we .speak of a “month.” 

If ilf bo tlio lengtli of the moon’s sidereal period, dC tlie length 
of the sidereal year, and S tliat of the synodic month, the throe 

(pianti ties are conneotod by a very simple relation, -“-is the 
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Regression 
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fraction of a circumference moved over by the moon in a day. 
Similarly, — is the apparent daily motion of the snn. 'Phe 

difference is the amount which the moon gahu on tlio sun 
daily. Now it grains a whole revolution in one synodic month 

1 

of /S' da 3 ^s, and therefore must daily gain — of the cii’cinuforoncu. 

n 


1 1 

Hence, we have the important equation ^ 


;, “the equa- 


tion of synodic motion,” whence <S’ 


K X il/ 
- M 


Another tvny of looking at the matter, leading, of eouvai', to the Hanu* 
result, is tin's: In a sidereal year the immbev of sidereal montliH must hi* 
just one greater than the number of synodic monllus } the niniihi*ra arc, 
respectively, 13.a69+ and 12,309 + . 

192. The Moon’s Path on the Celestial Sphere ; the Nodes and 
their Motion. — By observing the moon’s right nsconsion and 
declination daily with suitable instruments wo can map out iUs 
apparent path, just as in the case of tho sun (So(!. 150). It 
turns out to be (very nearly) a great circle inclined to tlio 
ecliptic at an angle of about 5° 8', but varying 12' oaoli way, 
from 4® 66' to 5® 20'. 

The two points where the path cuts tho ecliptic are call oil 
the iiode8, the ascending node being tho one whero tho moon 
passes from the south side to tho north sulo of tho ocliptic. 
The opposite node is called the descending node, {.Ancient 
astronomers all lived in the northern hemisplioro.) 

The moon at the end of the month never comes back exactly 
to the point of beginning, on account of tlio so-called “pmlur- 
bations, due to the attraction of tho sun, 

One of the most important of those perturbations is the 
yresmm of the nodes. These slide westward on the eoUpLic 
in the same manner ae the vernal equinox (loea, hul wuoh 
faster, oompleting their eirenit in a little loss than iiinetoon 
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yeai*y instead of tweut 3 ''-six thousand. Tiie average time between 
two successive jjassages of the moon throngli the same node is 
called the nodical or dracordtic month. It is 27.2122 days, — 
an important j^eriod in the theory of eclipses. 

When the ascending node of the moon’s orbit coincides with 
the vernal equinox the angle between the moon’s path and the 
equator has its maximum value of 23° 27^ + 5° 8', or 28* 35'; 
nine and one-lialf years later, when the deseending node has come 
to the .same point, the angle is only 23° 27' — 5° 8', or 18° 19'. 
Ill the first case the moon’s meridian altitude will range (hiring 
the month througli about 57°. In the second case the range is 
reduced to 86° 88', 

193. Interval between the Moon’s Successive Transits ; Dally 
Retardation of Its Rising and Setting. — Owing to the eastward 
motion of the moon it comes to tlie meridian later eacli day. 
If we call the average interval between its sueeessivG transits a 
“ moon day,” wo .see at once that while in the synodic montli 
there arc 29.5306 mean solar days, there must b(i just one hiss 
of these “ moon days,” .since the moon, in tlu) synod ie month, 
moves around eastward . from the sun to the .sun again, tlnis 
losing one complete relative rotation. 

It follows, therefore, that the length of the moon day” must 

be 24’* X or 24’‘50'”.61, the average “daily re tarda- 

tion ” being 50^ minutes. It ranges, however, all the ivay from 
38 minutes to 66 miunt(JS on a(Mi()unt of the variations in the 
rate of the moon’s motion in right ascension, — duo partly to 
perturbation, but mainly to thu oval form of its orbit and its 
inclination to the celestial equator, — variations precisely analo- 
gous to the inequalities of tlie sun’s motion, wliieh produce tlie 
equation of time (See. 174), but mai\y times groator. 

The average retardation of tlio moon’s daily rising and setting 
is also the same 50.61 iniimtes, but the actual ]*(3tardation is 
much more variable than that of the transits, depending hirgoly 
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on the latitude of the observer. At Now lovlc tlio rango is 
from 23 minutes to 77 minutes. In higliov laiitudu.s it i.s hUU 
greater. Indeed, in latitudo.s above 01° 20', the moon, whtsii 
it has its greatest possible dcolination of 23° 17', -will htKionin 
drcumpolar for a certain time each inontli and will romaiii visildn 
without setting at all for a whole day or more, jioein'diiig' lu 
the latitude of the observer. As a con.se(iuemjo of this daily 
retardation it follows that tboro is always one day in tlio inoulh 
on which the moon docs not rise, and anotlior on whicih it dooH 
not set. 

194. Harvest and Hunter’s Moon. — Tlie full moon that 
comes nearest the autumnal equinox is known as tho liarwHh 
moon; the one next following is tho hmtvr's moon. At tliiiL 
time of the year the moon whilo nearly full rises for sovoral 



consecutive nights at about tho same hour, so tluit tho moon- 
light evenings kst for an unusual longtli of linio, 't'ho plio- 
nomenon is much more striking in Nortliom Kuropo tlian in 
tlie United States. 

In the autumn tho full moon is near tlio vomal equinox 
(since the sun is at tho autumnal) and ia in tho portion of itH 
path which is least inolinod to tho oaatorii liorizoii, wlioro it 
riaes. This is obvious from 1% 64, which roproaonk a oolostiiil 
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globe looked at from tlio east. HN is the horizon, li) the oast 
point, P tlie pole, and Ji^Q the equator. If, now, the first of 
Aries is rising at i?, the line JEJ^ will be the ecliptic and will 
be inclined to the horizon at an angle loss than QEli (tlio 
iiiclination of the equator) by 28 

If the ascending node of the moon’s orbit hai)p 0 ns to coinoido 
with the first of Aries, then, when this node is rising, the moon’s 
path will lie still more nearly horizontal than JJ\ as shown by 
the lino MM\ and the phenomenon of the harvest-moon will 
be specially noticeable. 

195. Form of the Moon^s Orbit. — By obs(?rvatioii of the 
moon’s apparent diiimeteiv oonihinod with observations of hor 
place in the sky, we can dutermino tho/orw of her orhit around 
the ear til in the same way that tlio form of the earth’s orbit 
around the sun was worked out in Sec. I GO. The moon’s 
aiiparent diamoter ranges from 88’ 88", when us near us pos- 
sible, to 29’ 24’’, when most remote. 

The orbit turns out to bo an cllip.so like that of the oarth 
around the sun, but of much greater occontrioity, averaging 
about Wg say “ averaging ” because it varies from -|l,{ to 
on account of perturbations, 

The point of the moon’s orbit nearest the oarth is called Uio 
perigee (fr^pt y^), that most remote the apogee (ctird yrj), and 
the indoGnite lino passing tlirougli those points and continuing 
to the heavens the lino qf apsides,^ the major axis being that; 
portion of tliis lino wliicli lies between perigee and apogoo. 
On account of porturbation.s the line of apsides is in oontiniial 
motion like the lino of nodes, but it moves eastward instead of 
westward, completing its revolution in about nine years, 

In hor motion around the oartli tlio moon also very nearly 
observes the same “ law of areas ” that the earth do os in lior 
orbit around the sun. 

196. Method of determining the Size of the Moon^s Orbit, 
i.e., her Distance and Parallax. — In the case of any Jicavoiily 
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body one of the first and most fund nine ntal inquiries rolatos In 
its distance; until this has ])eGii measured wo can got nn knowl- 
edge of the real dimonsions of its orbit, nor of tho sizo, nuisK, 
etc., of the body itself, 'flio prolilom is usually .solved by 
measuring the “parallaoiio displace nusn t ” (Seii. 78) due Lo a 
Imown change in the position of tlie observiir. IMaii)'' methods 
are applicable in the case of the moon. W(i limit oui'selve.s to 

a single one, ilie .siinple.st, 
though perhaps not the most 
aoouruto, of tlie diirereiit 
I methods that are pra<!ti(!ally 
available. 

At each of two observa- 
tories, IS and (I (O’ig, 05), 
on, or very nearly on, the 
same meridian and very far 
Fig. 06.— Dotorm illation of tho Moon’s apart (Berlin aiid (’apo of 

Crond Hopes foi’ ins tail eo), 
the moon's zenith-distaneo, ZBM mi\. Z'CJfi is olisorved simul- 
taneously with the inoridian-circle. This gives in the (luadrU 
lale]‘al7iC)(7jl/ tho two angles OJSM and 'Phe angle Ii()(.\ 

at the center of the earth, is the (liJTorenco of the ffooGenlria 
latitudes of tho two observatories (numerically their sum). 
Moreover, the sides JSO and CO are known, being radii of tho 
earth. 

The quadrilateral can, therefore, bo solved by a sim|>le trigo- 
nometrical process. (1) In the triangle /S()(! wo have given ISOy 
OC, and the included angle ISOC'i lienee, wo can find the side 
J3C and the two angles OBC and OCJS. (2) In the triangle 
BCM we now have given JSC and tlio two angles jUJSC and 
MCB (which are got by simply subtraoting O/SO from OBM 
and OCJ3 from OCM) ; hence, we can find BJII and CM, (8) In 
the triangle OBM or OCM wo now know the two sides and 
the inchided angle at 7S or C, from which we can find O/If, th 
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moon's distance from the center of the earth. (4) Wlieti OM is 
deteniiined we at once find the horizontal 'parallax from the 
equation ^ » 

197. Parallax, Distance, and Velocity of the Moon. — The 
moon’s equatorial horizontal parallax is found to average 8422'^0 
(67' 2".0), according to Neison, hut it varies considerably from 
day to day on account of the eccentricity of the orbit. Her 
average distance from the earth is about 60.8 times the earth's 
equatorial radius, or ^SSHJp niiles^ with an uncertainty of 
10 or 20 miles. 

Tlio maxiimnn and minimum values of the moon’s distance 
are given by Neison as 262972 and 221614 miles. It will be 
noted that the “ average ” distance i.s not the mean of the two 
extreines. 

Knowing tlie .size and forjn of the moon’s orlht, the velocity 
of lier motion is easily'' computed. It averages 2287 miles an 
hour, or about 8860 feet per second. Her moan angular velocity 
in the celestial sphere is about 38' an hour, Just a little greater 
tlian the apparent diameter of the moon itself. 

198. Form of the Moon’s Orbit with Reference to the Sun. — 
While the moon moves in a small oval orbit around the earth, 
it also moves around the sun in company witli the earth. This 
Gommim motion of the moon and Ofirth, of course, does not 
affect their relative motion, but to an observer outside the .sys- 
tem loohing down upon moon and oartli the moon’s motion 
around the earth would be a very small component of tlio moon’s 
whole motimi as seen by Inm. 

'The distance! of the moon from the earth is oidy about 
part of tlu) distamio of the sun. 'I'he s])oed of the earth in its 
orbit around the sun is also more than tliirty times greater than 
that of tile moon around the eartli; for the moon, therefore, 
the re.s 111 ting patli in spam is one wliioli deviates very .slightly 
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from the orbit of the earth and is always (toneavc towards the snuy 
as shown in h’ig. 66. It is not us shown in Figs. (17 and (18, 
although often so I’opresentcd, 

If wo reprosent the orbit of the Oiirlh by a oirole with a rnrtiuH of 
100 inches (8 feet I inclics), tho mocm wodUl (hiviiUe from it l»y only 
one fourth of an inch on each side, orofisin};' it l.w('iity-four or tw(‘iil.y-(ivf 
tiniea in ono revolution around tlio sun, i.f\, in a year. 

199. Diameter, Area, and Volume, or Bulk, of the Moon.* - 
The mean apparent diameter of the moon is 81' 7". Knowing 
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its mean distance, wo easily coiuputo from (Ids (See. 12) its real 
diameter, 2163 mihs. This is 0.278 of tho oartlds tUanmlor, * 
somewhat more than ono quarter. 

Since the surfaces of globes vary as tlio siiuarcs of their 
diameters, and their volumes as tho oxihes, this nuikos tlio sur- 
face area of the moon equal to 0.0747 (about of Uio oartli’s, 
and the volume, or bulk, 0.0204 (almost exactly J.) of tho 
earth's. 

No other satellite is nearly as largo as the moon in (sonipari- 
son with its primary planet. IMio oartli and moon togollun*, as 
seen from a distance, are really in many rospoots moro like a 
doxible planet than a planet and satollito of ordinary propoiiions, 
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"Whon Venus happens Lo be noiirost ua (at a of about Lwfoity" 

Ave millions of miles) her inhabitants, if- slio lias any, see the OinM.li about 
twice as brilliant as Yomis hersoll at hm- best appears to us, and tlie. 
moon, about as bright us Sirius, osoillating baolcwards and forwurils about 
half a degree on each side of tlie earth. 

200. Mass, Density, and Superficial Gravity of the Moon. 
The acourato cleterminatio]! of tlio moon’s tnass ia praotioully ti 
difficult problem, Tliougli site is tho nearest of all tlio lioavinily 
bodies, it is far more (Ufiieult to weit/h her than to dutormino tho 
mass of Neptune, the rejiiotost of tho piano l«. 'il’Iiore aro many 
different methods of dealing with tlie pi’ohhjm. 

One, perhaps tho best, consists in debirniining tho position 
of the ce7iter of gravity^ or aenter of of (tartli uinl moon. 

It is this point and nob tlio earth’s ecu tor wlii{!h <l(>.serih(!H 
around the siin Avhat is called tho “orbit of tho eartli.” Now 
the earth and moon revolve togofclior around this eoniiiion ooiitei' 
of gravity every month in orbits exaotly alike in form, lull; 
differing greatly in size, the earth’s orbit l)oing as mueli sinaller 
than tho moon’s as its mass is greater. 

On account of tins montlily motion of tlie earth’s cun tor, tliore 
results necessarily a “lunar equation,” ne., a slight altonuite 
eastward and westward displacement in tlio lieavons of ovory 
object viewed from tlio eartli as compared witli tho plaoo tlie 
object would oocupy if tlie earth liud no such motion. In 
the case of; the stars or tho remoter plane Us the displaeoimiut 
is not sensible ; but it oan bo measured by oliserving tlu'ong'h 
the month the apparent motion of the sun, or bettor, of ono of 
the nearer planets, as Mars or Venus, or tlio newly dl Hoovered 
ICros. 

From snob observations it is found that the radiun of the 
monthly orbit of the earth’s oontor (z.e., tlio distanee ;r)'(nu the 
center of the earth to the com i non eenber of giuvity of (ho earth) 

is 2880 miluH. This is just about of tlio distanee fi-om tlui 
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i The moon’s eai'tli to the moon, whence we conclude iluiL the monH of iho 

I mnss is ][ 

the mass of nioon is that of the earth, 
the earth. 

For other niothocls of doiermininj^' tlio uiass of tlio moon, ilic reader in 
i referred to the General Astronomy^ Art. 219. 


201. Since the density of a body is equal to ii« niuH.s -s- vtdunie, 

the demity of the moon compared with tlie earth is (livid(‘<l 

Density of by which equals 0.601, or about 8,4 tlio density of waUn-, llie 

about throQ earth’s density being 6.63. This is a little above tint average 

fifths the density of the rocks which compose the crust of the (iarth. 'riiis 

density of , , . „ , . ^ , ,, , 

the earth, low density of the moon is not at all surprising, nor at all ineon- 
sisteiit with the belief that it once forlned a part of tlio tMirlh, 
since, if such were the case, the moon was pvoliably foi'iuod liy 
the separation of the outer portions of that mass, wliieh would 
be likely to be lighter than the rest. 

The superficial gravity^ or tho attraction of the moon for 
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surface 
about one 
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gravity on 
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important in 
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bodies at its surface, is^imss radius\ t.c., divided hyd).li78“, 

oJ ,f) 

and comes out about one sixth of gravity at the surfaiai of the 
earth. That is, a body weighing six pounds on tho oarth’s sur- 
face would, at the surface of the moon, weigh only one pound 
(by a spring-balance). A man who can leai) b’ lioiglit (if fi fiud 
here would reach 80 feet there, and so on,^ 

This is a point that must be borne in mind in (iounoclioii 
with the enormous scale of the surface struoturo of tlio innnu. 
Volcanic forces on tho moon would throw ojeotod matoriuls to 
a vastly greater distance than on tho earth. 


Rotation of 202. Rotation of the Moon. — Tho moon rotates on Us axis 
iisVxi8?*'rlio ^ sidereal mouth, in exactly the same time as thui ooiiupml 
poriodof ro- hy its revolution around the earth i its day and niglu, llmrofore, 
“TmS’ bolweon sunrise and snnsk, are oaol, nearly a 


inuiith. 


iBut sqo See 141 for ProfeHsor Noweoiiib’e illimtnvUdU, 
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fortnight in length, {ind in the long run it heeps the same side 
always towards the earth. We .see tonhiy preeisely tlie same 
aspect of the moon as Galileo did in the days when ho first 
turned his telescope upon it. 

Many find difficulty in seeing Avhy a motion of this Hort hIiouUI bo 
called a “ rotatioji ” of tlw moon, since it is (sxti'onndy like tlio motion of a 
ball carried on a revolving ei’ank (Fig. dO), “Hueli 
a. bfill,” they say, “ revt)Ive.s around tlie sliaft, but 
doef? not rnl;ate on its oAvn axis.” It <lo(}s rotate, 

Innvover; for if "Wi! mark oni' side of llie liull, we 
shall find the marked side 2)r(!sent('d .siiwiessively to 
every iioint of tlm conpmss ns the crank turns, so ttiut 
the ball turns on its own axis as really a.s if it M'ore 
wliirling uimn a i>in fastened to tlui table, 

By virtue of its connection witli tlu) crtink, 
the ball has two distinct motion, s: (1) tlio 
motion of translation^ which carries its center in a {iirolo around 
the axis of the shaft; (2) an additional motion of rot<ition^ around 
a line drawn through its center parallel to tlic shaft. Tlio pin A. 
(in the figure) and the hole in which it fits both rotate at the 
same rate, so that tlio ball, while it turn.s on its “ axis ” (an 
imaginary line), does not turn on the 2nn^ nor the pin in the hple, 

203, Librations. — While in the “long run ” the inooii keeps 
the same face towards tlio earth, it is not so in the short rum 
there is no crank connection between the oartli and moon, and 
the moon in different parts of a single month does not keej) 
exactly the siime face towards the earth, but rotates witli per- 
fect independence of her orbital motion. With refereneo to 
the center of the earth the moon’s face is continually oscillating 
slightly, and these oscillations constituto what are calUsd libra- 
tions.^ of which wo distinguish throe, — vr/., the lilmition in 
latitude^ the liliration in loiigilude^ and tlio diurnal libration. 

^ notation couhIhIs i!nnc!iitl(illy in thiH : lliara lino comuuaing any two imtiiin, 
and not imvallol to tlio axln of Iho rotating body, will swoop out a oirolo on tlio 
coloatlal Hplioi’o, If jiroducod to it, 
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(1) The lihration in latitude is due to tlie fact that the moon’s 
equator does not coincide with the plane of its orbit, but makes 
witli it an angle of about (1^°. This inclination of the moon’s 
equator causes its north polo at one time in tlie month to he 
tipped 6|-'® towards the earth, while a fortnight later the south 
pole is si'milarly inolined to us; Just as the north and south 
poles of the earth are al torn ate ly presented to the sun, oausiiig 
tile seasons, 

(2) The lihration in longitude depends on tlio fact that the 
moon’s angular motion in its oval orhit is variahUy while tlio 
motion of rotation is uniform^ like that of any otlior undis- 
turbed body ; the two motions, therofore, do not keep pace 
exactly during the month, and we see alternately a few degrees 
around the eastern and western edge of the lunar globe. This 
lihration amounts to about 

(8) The diw'ual lihration. Again, wlion tho moon is rising 
we look over its upper, which is then its ^vest'erny edge, seeing a 
little more of that part of the moon than if wo wore observing 
it from the center of the earth ; and vioe. versa when it is setting. 
This constitutes the so-called diurnal lihration^ and amounts to 
about one degree. Strictly speaking, this diurnal lihration is not 
a lihration of tho moon, but of the observer. The telesoopio 
oifeot is the same, liowever, as tiiat of a true lihration. 

In addition to this there is also a veiy sliglit physical 
lihration of the moon. It is probable that tlie diameter of 
tho moon directed towards tho earth is a little longer than the 
diameter at right angles, tho difference being poriiaps a few 
liundred feet; and as the moon revolves around the earth this 
longest diameter oscillates slightly from side to side, changing 
its position apparently about l-i miles on the moon’s disk. 

The exact, long-run agreement between tlie moon’s time of 
rotation and of her orbital revolution cannot bo accidental, It 
has probably been caused by the action of tho earth on some 
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protuberance on the inooii’s surface, analogous to a tidal 'wave. 
If the moon wore ever plastic, tlie earth’s attraction must 
necessarily have been to produce a huge tidal bulge upon her 
surface, and the effect would have been ultimately to foroe aii 
agreement between the lunar day and the sidereal month. The 
subject will be resumed later in connection with tidal evoliitiou 
(Sec. 846). 

204. The Phases of the Moon. — Since the moon is an opaque 
body shining merely hy reflected light, we can see only that 
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hemisphere of her surface which happens to . bo ilhirainatod, 
and of this lioiuisphero only that portion which happens to bo 
turned towards the earth. AVhen the moon is between the 
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earth and the sun (at neiv moon) Uio dark Hide is Lhon jiro- 
sentecl directly towards us, and tho moon is ontiroly invisililt*. 
A week later, at the end ol the first quarter, half of tho illumi- 
nated hemisphere is visible, ]ust as it is a week Jiftor tho full. 
Between the new moon and tho half-mooii, duriiig llui fLr.st 
and last quarters of the lunation, wo soo less than half <d 
the illuminated portion and then have tlio “orosooiiL” pliUHo, 
Between half-moon and the full moon, during tho soooinl ami 


third quarters of the lunation, we see more than half of tliu 
moon’s illuminated side and have then whab is callo<l tin* 
“ gibbous ” phase. 

Fig. 70 (in which tho light is supposed to ooiuo frcnii u 
point far above the cii'cle which represents tho moon’s orbit) 
shows how the jihases are distributed through Uio montli. 

306. The Terminator, — The line wliicli soiiarates llio dark 
portion of tho disk from the bright is oallod the torminafor and 
is always a semi-elUpse^ since it is a semicircle viowod ol)li(jU(‘ly. 
The illuminated portion of the moon’s disk is, thoroforo, alwiij'H 
a figure which is made up of a semicircle plus or minus a seiui- 
ellipse, as shown in Fig. 71 yL At imw 
or full moon, however, the soini-ullijiw’ 
becomes a semicircle. It is somotinieK 
incorrectly attempted to I'opresont tho 
crescent form by a construotion like* 
Fig. 71 A in whicli a smaller cirehs him 
a portion cut out of it by an arc of a larger one. 

It is tosbe noticed also that ah, tlio lino which juiiis Uio 
“ cusps,” or points of tho crescent, is alway.s porpoudicular Ln 
a line drawn from the moon to tho sun, so that the horns ttrt* 
ahvaijB turned aioay from the sun, Tlio preciso position, lliui’u- 
fore, ill which they will stand at any time is pevCoclly prudii'l- 
able and has nothing whatever to do with tho weather. ArlistH 
are sometimes careless in representing a crescent moon with i(jH 
horns pointed downwards, which is impossible, 
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206. Earth-Shine on the Moon. — Near the time of new 
moon the whole disk is easily visible, the portion on which 
sunlight does not fall being illuminated by a pale reddish liglit, 
lliis light is earth-shine^ the earth as seen from the moon being 
then nearly « full.” 

Seen from the moon, the earth would show all the phases that 
the moon does, the earth’s idias^ being in every case exactly 
sxipplementary to that of the moon as seen by us at the time. 
U’aking everything into account, the earth-shine by which the 
moon is illuminated near new moon is probably from fifteen to 
twenty times as strong as the light of the full moon. The 
ruddy color is due to the fact that the light sent to the moon 
from the earth has passed twice through our atmosphere and 
so has acquired the sunset tinge. 

IT-IYBICAL CH Alt ACTE RISTICS OF THE MOON 

207. The Moon’s Atmosphere The moon’s atmosphere, if 

any exists, is extremely rare, probably not producing at the 
moon’s surface a barometric pressure to exceed of an inch 
of mercury, or of the atmospheric pressure at the earth’s 
surface. The evidence on this point is twofold. 

First, the telescopic a^yj^earance. The parts of the moon near 
the edge of the disk, or “limb,” which, if there were any atmos- 
phere, would bo seen through its greatest possible depth, are 
visible without the least distortion. There is no haze, and all 
the shadows are perfectly black ; there is no evidence of clouds 
or storms, or of anything like the ordinary phenomena of the 
terrestrial atmosphere. 

Second, the absence of refraction at the moon's limh^ when the 
moon intervenes hetioeen iis and any more distant object. At an 
eclipse of the sun tliore is no distortion of the sun’s limb where 
the moon cuts it. When the moon “ occults ” a star there is 
no distortion or discoloration of the star disk, but both the 
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flisappcaruiuJO and rcai^poarauec arc praoLicjally instaiitai icons. 
Moroovei’, an atmosphoro of even slight density, quite insuOi- 
cionfc to produce any sensible distortion of the imago, would 
notably diminish the time during which the star would bo con- 
cealed behind the moon, since the refraction would bond the 
rays from tlio star around tlio edge of the moon so as to render 
it visible, both after it had really passed behind the limb and 
before it emerged from it. There are some rather doubtful 
indications of a very slight effect of this kind, corresponding 
to what would bo produced by an atmosphoro about as 

dense as our own. 

208. Water on the Moon’s Surface. ^ — Of course, if there is 
no atmosphere there can bo no liquid water, since if there were 
it would innnedialely evaporate and form an atmosphere of 
vapor. It is not impossible, however, nor pci’haps improhablo, 
that solid water, i.e., ice and snow, may exist on parts of the 
moon’s surface at a temperature too low to liberate vapor 
cuo.ugh to make an atmosj^hore observable from the earth. 

209. What has become of the Moon’s Air and Water ? — If 
the moon ever formed a part of the .same mass as the earth, 
she must once liave had both air and water. There are a num- 
ber of possible, and more or less in-obable, hypotheses to account 
for their disappearance: (1) The air and water may have struck 
in, — partly absorbed by porous rocks and partly dispo.scd of in 
cavities left by volcanic action ; partly also, jiorhaps, by chemi- 
cal combination as water of crystallization, and by simple occlu- 
sion. (2) The atmosphere may have /owi away; and this is 
porliaps the most probable hypothesis, though it is quite possible 
that this cause and the preceding may have cooperated. If the 
“kinetic” theory of gases is true, no body of small mass, not 
extremely cold, can pcrmaiicnily retain any considerable aimo.s- 
phere. A jiartiole leaving the moon with a speed exceeding 
the* “ critical velocity” of li miles a second would never 
return (Sec. 819). If she was ever warm, the molecules of her 
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atmosphere must have been continually acquiring velocities 
greater than this, and deserting her one by one. (See Phy$iG&^ 
pp. 270, 271.) 

However it came about, it is quite certain that at present no 
substances that are gaseous or vaporous at low temperatures 
exist in any considerable quantity on the moon’s surface, — at 
least, not on our side of it. 

SIO, The Moon’s Light. — As to quality ^ it is simply sunlight, Ligiit of tho 
showing a spectrum identical in every detail with that of light 
coming directly from the sun itself; and this jnay be noted icionticai 
incidentally as an evidence of the absence of a lunar atmosphere, 
which, if it existed in any quantity, Avould produce marlcings of 
its own in the spectrum. 

The hrightims of full moonlight as compared with simlight 
is estimated as about According to this, if the whole Light ot full 

visible hemispliere were packed with full moons, wo should qj 
receive from it about one-eighth part of tho light of the sun. sunlight. 

Moonliglit IB not easy to iiifinsuro, and diflwent oxpeviniantoi’S liavo 
found j’GsnUs for tho ratio botwoon tho light of tho full moon and sunlight 
ranging all tho way from (bouguor) to (Wollaston). Tlio 

value now generally accepted is tliat determined by Ztllluor, vk,,, 

Tlie half-moon does not give, even approximately, half as Siutdon 
iiiucli light as the full moon. Near the full the brightness 
suddenly and greatly increases, probably because at any time near full 
except at the full moon the moon’s visible surface is more or ’wood- 
less darkened by shadoivs, 

Tlie average albedo^ or rellooting power of tho moon’s surface. Moon re- 
Zblhier states as 0.174; f.e., the moon’s surface reflects a little dect-4«h«nt 

ono sixth of 

more than one-sixth part of tho light that falls upon it. tho light 

This corresponds to tlio reflecting power of a rather light- 
colored sandstone. There are, however, great diffei’eiioes in ' 
the brightness of the different portions of tlie moon’s surface. 

Some spots are nearly as white as snow or salt, and others as 
dark jus slate, , 
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21 !• Heat of the Moon. — For a long tinio it was impossiblo 
to detect the moon’s lieat by observation, Even wliou concen- 
trated by a largo lens, it is too feeble to be shown by tho most 
delicate thermometer. The first sensible evidence of it was 
obtained by Melloni in 1846, with the newly invented thermo- 
pile^ by a series of observations from the summit of Vesuvius. 

With modern apparatus it is easy enough to perceive tho 
heat of lunar radiation, but the measurements arc extremely 
difficult. 

A considerable percentage of the lunar heat seems to bo heal 
simply reflected like light, while the rest, perhaps three quarters 
of the whole, is obscure heat,” i.e., heat which has first been 
absorbed by the moon’s surface and then radiated, like tho heat 
from a brick surface that has been warmed by sunshine. TJiis 
is shown by the fact that a comparatively thin plate of glass 
cuts off some eighty-six per cent of the moon’s lioat. 

The total amount of heat radiated by tho full moon to the 
earth is estimated by Lord Eosso at about one eighty-thousandth 
part of that sent us by the sun ; but tliis estimate is probably 
too liigh. Prof. C. C. Hutchins in 1888 found it •j-g'&VTyfl' • 

213. Temperature of the Moon’s Surface. — ^ As to tlie tempera- 
ture of tlio moon’s surface, it is difficult to affirm much with 
certainly, On tho ojie hand, the lunar rocks are exposed to tho 
sun’s rays in a cloudless sky for fourteen days at a time, so 
that if they wore protected by air like tho rocks upon tlio eartb 
they would certainly become intensely heated. During the 
long lunar night of fourteen days the temperature must inevi- 
tably fall appallingly low, perhaps 200® below zero. 

There liave been great osoillations o£ opinion on this subject. 
Some years ago Lord Rosso inferred from his observations that 
the maximum temperature attained by the moon’s surface was 
not much, if at all, below that of boiling water; but his own 
later investigations and those of Langley threw great doubt 
on this conclusion, rather indicating that the temperature never 
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reaches that of melting ice. The latest observations, however — 
the elaborate work of Very in 1899 — corroborate Lord Iiosse*s 
earlier results and show almost conclusively that on the moon’s 
equator at lunar noon the temperature rises very high, falling 
corre.spondingly low when night comes on. 

Lord Rosse has also found that during a total eclipse of the 
moon her heat radiation practically vanishes and does not regain 
its normal value until some hours after she has left the earth’s 
shadow. This seems to indicate that she loses heat nearly as 
fast as it is received. 

213. Lunar Influences on the Earth. — The moon’s attmotion 
cooperates with that qf the sun in producing the tidea^ to be 
considered later. 

There are also certain distinctly ascertained disturbances of 
ierrestrial magmtiB'nv connected with the apj)roach and recession 
of the moon at perigee and apogee \ and this ends the ohai^ter 
of ascertained lunar influences. 

The multitude of current beliefs as to the controlling influ- 
ence of the moon’s phases and changes upon the weather and 
the various conditions of life are simply superstitions, mostly 
unfounded or at least unverifled. 

It is quite certain that if the moon has any influence at all of 
the sort imagined it is extremely slight, so slight that it has not 
yet been demonstrated, though numerous investigations have 
been made expressly for the purpose of detecting it. It is not 
certain, for instance, whether it is warmer or not, or less cloudy 
or not, at the time of full moon. 

314. The Moon’s Telescopic Appearance and Surface. — Even 
to the naked eye the moon is a beautiful object, diversified with 
markings which are associated with numerous popular myths. 
In a powerful telescope these markings mostly vanish and are 
replaced by a multitude of smaller details which make the 
moon, on the whole, the finest of all telescopic objects, ■ — 
especially so for instruments of a moderate size (say from 6 to 
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10 ill fiiftmetor), which generally give a more pleasing 

viinv of "ur watollit© than instruments either niiicli larger or 
invu'h siniiUuv. 

An o£ this swe, with magnifying powers between 

HfiO III id 500, the moon optically within a distance rang- 

ing from lOOO to .50 0 miles; and since an ohjeob half a mile m 
dinimdm’ nu tlio moon subtends an angle of about 0''.43, it 
will! Id he iIiH tviici tly visible. A long line, or streak, even less 
thiiu II qinii'toi' of inilo across can probablj^ be seen. With 
hu’gnr luU'Hciox^os tlio yoower can now and then bo carried veiy 

muehlngl«u% ixixcl oozu’espondinglysnmller details made out, w7im 

(kts i» ett zts hoat^ not otherwise. The right-hand illustration 

ripposlLu givoB tui oxoolleiifc idea of the moon’s appearance witi 

H jiiodovatc met^n ifyliigf power of about 100. 

For m»>sb piiryiosos the best time to look at the moon is when 

it ia hot woo IV «ix. tviicl ten days old. At the time of full moon 

ft 5 \v objcoUi cm tlvo evirface are well seen, as there are tien no 


nlmdoWH l« j^ivo rolief. 

It irt evUloxvU tUat -wlvilo with the telescope wo should be able 

tOHroMimh ol>joots sus lakes, rivers, forests, and great cities, it 

Uu.v on t;li0 raoou, it would be liopeless to Qxpool 

l„ niiy of the minor indications of life, such as 

, '"'ais, \lio WCoon* s Surface Structure. — The moon’s surface for 

o^tvomoly broken. With rrs the mountams ruo 

, imwllv in Imiff like the Andes and Himalayas. O r the 

tmi hy nm»wy ju M ^ _ number ; but, on the other hand, 

wmmm- mnOll the 3 *all£?OS Wi'e lew in nuiuuoi , uuu, 

Lho mirto IB pittocl all oveiMVith great winch rosom 

luiuwif- 1-1 1 o 'volcanic craters on the earth’s surface, though 

1 7" itiiles in diameter; many of those on t)ie 

'ST GO miles aeross, and .some have a diameter of 

iniitm mo iniles, while smaller ones from 6 to 20 miles in 

...ore timn a«ilos, 

cl hull e tor nrci c oxxxxtecv uy 


iDIMlOilH 



Moon In Last Quarter. Photographed at Kenrrooti Enlargement of Part of Photograph hy Ritchey at Yerhes 

Observatory, 1892 Observatory, 1900 
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Tha normal 
lunar crater. 


(IriKKondi. 



Fio. 72, — Normal Lunar Orator 


The normal lunar crater (Fig. 72) is nearly ciroular, Hur- 
rouuded by a ring of mountains which rise anywhere from 1000 

to 20000 foot uliovo 
the surrou u di ug 
country. TUo lloor 
within the ring nuvy 
he either above or 
below the outHido 
level ; some orators 
are deep, and aonio 
filled nearly to llio 
brim. In a fo’vv chhiw 
the surrounding 
mountain ring is en- 
tirely absent, and the crater is a mere liolo in tho plain. 
Frequently in the center 
of the crater there rises 
a group of pealcs, which 
attain about the same ele- 
vation as the eneircling 
ring^ and these central 
peaks sometimes show 
holes or craters in their 
summits. Fig. 73 is from 
a drawing by Nasmyth of 
the crater Gassendi, which 
is on the southeast quad- 
rant of the moon’s sur^ 
face, and comes into' view 
about three or four days 
before full moon. It is 
58 miles in diameter and 
about 8000 feet deeiiV . Fia. 73 — Qasaondi 

Fig. 74 is also from due of drawings and is a fiiio 
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representation of Copernicus, a crater not quite so large or deep Cnponiioiw. 
as Gassendi, but very interesting on account of the number of 
surrounding ridges and the manner in udiich the neighboring 
region is thickly sown with craterlets and holes. It is on the 
terminator a day or two after the half-moon, 

In the enlarged photograx^h of a portion of the moon’s ThoopiiiiuK. 
surface on page 187 the great crater at the left is Theoj^hilus, 

64 miles in diameter and 
nearly 19000 feet deeji. 

On certain portions of 
the moon these craters 
stand veiy thickly ; older 
craters have been en- 
croached upon, or more 
or less completely obliter- 
ated, bj’’ the newer, so that 
the whole surface is a 
chaos of which the 
counterpart is hardly to 
be found on the earth, 
even in the roughest por- 
tions of the Alps, This 
is especially the case near 
the moon’s south pole. It 
is noticeable, also, that as 
on the earth the youngest 

mountains are generally the highest, so on the moon the ne^vel• 
craters are generally deej^er and more xu’ecqhtous than the older. 

Tlie height of a lunar mountain or depth of a crater can bo 
measured with considerable accuracy by means of its shadow, 
or, in the case of a mountain, by the measured distance between 
its summit and the terminator at the time when the toj) hrst 
catches tlie light, looking like a star quite detached from the 
bright part of the moon, as seen in Fig. 73. 



Fiq. 74. — CopovnicHS 


Tlio 

yoiui^cHl. 
m-uloi’H 
usually Ilia 
dcopuHl, 


Moamtra- 
incut (if 
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Lunar 
craters are 
l>robabIy of 
volcanic 

miffin, but 

tbe explaim- 
tloii is not 
free from 
difficulty. 


No volcanic 
notion at 
present 
evident on 
the moon. 


Hills and 
clefts. 


Stieaks, or 
rays. 


216, The striking resemblance o£ these Xorinations to Lcrx'os- 
trial Yolcanio structures, like those exemplifled by VesiiviiiH 
and others, makes it natural to assume that tho}’- liad a Hiniilar 
origin, This, however, is not absolutely certain, Tor tlioi'O urn 
considerable difficulties in the way, espeoially in tho cjiho of 
what are called the great “Bulwark Plains.” These iumi ho 
extensive that a person standing in the center could XHit HOtj 
even the summit of the surrounding ring at any point 5 aiul 3 'ot 
there is no line of discrimination between them and tho .smiillor 
craters— -the series is continuous. Moreover, on tho earth vol- 
canoes necessarily require the action of air and water, wliiok flo 
not at present exist on the moon. It is obvious, thoreforo, Unit 
if these lunar craters are the result of volcanic eruptions, thoy 
must be, so to speak, “ fossil ” formations, for it is quite oortaiii 
that there is (ibsolxitely no evidence of present volcanic aclivitif^ 

217, Other Lunar Formations. — I^lie craters and moiintiiins 
are not tlie only interesting formations on tho moon’s siii'fn.(io-. 
There are many deep, narrow, crooked valleys that go by tho 
name of “ rills, some of which may once have boon a va tor- 
courses. Fig. 74 shows several of them. Tlmn there aro 
numerous straight “clefts,” half a mile or so wide and of 


unknown depth, running in some cases several hundred niiloK, 
straight through mountain and valley, without any appavonb 
regard for the accidents of the surface; they seem to bo doop 
cracks in the crust of our satellite. Most curious of all aro 
the lightcolored streaks, or “rays,” which radiate from oortaiii 
of the craters, extending in some cases a distance of many luin- 
dred miles. These are usually from 5 to 10 miles wide and 
neither elevated nor depressed to any considerable extent wiUi 
reference to the general surface. Like the clefts, they pasH 
ac^ss valley and mountain, and sometimes through orators, 
vu hout any change m width or color. They have been doubt- 
^Uy explained as a staining of the surface by vapors ascending 
from rifts too naiTow to be visible, ^ 
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Tho most romavkablo oi: tluiso “ ray sj^stonis ” is tho one, con- 
iieoted wiLli tlio groat orator Tycho, not vory far from tlio moon’s 
sou til polo, well shown in tho (iioarly) full-moon photograph on 
page IHT. '^I’lio rays aro not Yory conspioiions until within a 
fow (lays of full moon, hut at tliat timo they and tho orator 
from wliioli they divorgii (jonstituto by far the most striking 
foatnro of tho whole lunar aurfaoo. 

218. Litiinr Maps. — A nuinbor of laapa of t.lio moon liitvt) Ik'cmi aon- 
struotod by rliffcivont obmu’vovH, I’ho most lixlmiHivt' is tlial. by .Sciliiiiblt 
of Athons, 0)1 a soalo. 7 foot in dinmobii', pnldisiiud by tin; Pr ass inn g^worii- 
mont i)i 1H7H, Of tho sinallnr maps availabln I’m- oi'dinavy luiinr olisorva- 
tion, pindiapfl tlin best is tliat giv<?n iuWoldj's (Meslud Ohjwtn /tir ('(Hiimtm 
Telescopes, Two )unv photogj'aphio, lavgu-soalo, Imiar iiiiipH Inivo hitoly 
lauMi publishod from negativas mado at tla^ Liok and Paris obsorvaioi'ioH. 
Our maps of tlm visiljlo part of tlio moon aro on tho wimlo ns oomplotn 
and neenrato as onr''inapH of tlu) oavth, taking into luuionnt tho polar 
n^gions and tho, inba-iov of tho oontinonts of Asia and Afrion. 

219. I/iinar Noinonclature. — -Tho groat plains n])oii tlm inonii's surfaco 
wo)’o called hy (hililoo “oooaiia’* or “aoas” (worm), for ho Hnp[i()H()d that 
thoao grayisli Bin'faoos, which aro Yisihlo to tho nuked eye imd oonspiemms 
in a flmall tolosoopo, tliongh not wltli a largo ono, wou^ (jovin’od with water. 

'I'ho ton mountain rinu/es on tho moon aro mostly namod after toi'i'fjstrinl 
mountainB, as Cavioasus, Alps, Apennines, though two or throo hoar ttin 
iHDTicB of asti’onoinorB, Hko Loibnitx,, Doerfol, <itc. 

Tho conspicuouH emten boar tho namos f)f oi nil unit anoiont and modi- 
oval nati'onomora and philosopliors, as Plato, Ai'ohimodos, 'I’ycho, (lopornl- 
enfl, Koplor, and Gassondi; while hundreds of smaller and losH ooiiHpiouoiis 
formations hoar tho iiainOH of moi'o modorn astronomers. 

This Byslom of nomonolaturo seems to have originabal with lUccioli, 
wlio ill 10r>() mado the first map of tins moon. 

220. Changes on the Moon, — It is certain that tho ro aro iiu 
eoiisinciioiiQ ohangos : thoro aro no Hiuili transformaiujim us 
would bo prosontod hy tho earth viowod tol.osciopioally, — no 
clond.s, no storms, no snou^ of wintor, and no stireiid of Yogo- 
tation in tho spring. At tho sumo time it is coidldontly 
mniutuiiiod hy somo ohsorYors that huvo and tliovo ultora linns 
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do take place in the details of the liiimr surface, while otlioi'H 
as stoutly dispute it. 

The dilliculty in settling the question arises tj’oni the gi’csuU 
changes in tlie appearance of a lunar object under varying Ulu- 
mination. To insure coriainty in suoli dolicato obsorvatioiiH, 



Fio. 76. — Map of tho Jlooii 
Reduced from Nelson 

Difficulty of comparisons must be made between the appeiiranoo of tho object 
tfceproWem. question, as seen at preoischj the $mie phase of ilia moon^ 
with telescopes (and eyes too) of equal power, and under sub- 
stantially the same conditions in other respects, suoli as iho 
height of the moon above the horhon and tho clQarnos.s Mid 
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stoactinoss of the air, It- is, of course, very difficult to secure such 
identity of conditions. (For an account of certain supposed 
changes, see Webb’s OeleBtial Ohjcxts for Common, Telescopes,) 

231, li'ig, 76 is reduced from a skeleton map of the moon by sIcoIoioh 
N eison and, though not large enough to exhibit much detail, ““‘Poftho 
will enable a student Avith a small telescope to identify tlio 
principal objects by the help of the key. 


KKY ’[’() 'I'JIK IMUNCrrAL OUJI-Kri'S IXDtCA’riOl) 3N Via. 75 


vl. Mnru llumovinn, 

JS, Miu’o Nfictavis. 

<\ OooauiiR Pi'ocnlluvuiu. 
J), !Mivri’. irficumlitutis. 

U. Mni’O TvaiKiiiilitatiH. 
l'\ Mavc Crisiuni. 

(r. JIaro SovonitatiH. 

JJ. Maro Imhriniu. 

I, Sinus Iridnin. 

1. Clavins. 

2. Scliil Un’, 

!i. Magimis. 

4, Sohiokard. 

6, Tycho, 
fl. Walthor. 

7. Pnvbacli. 
d, Potivvius, 
n. “ The Rfdhvay." 

10, Arzachol. 

11, Gassondi. 

12, Cathoi’ina. 

18 . CyrilluH, 


K. Maro Nubimu. 

L. Airn'o Frigovis. 

7’. Lcilnnti’, MouulaiuH. 

//, Doorfcl MounlaiuH. 

F. Kook MountiiiitH. 

11^ l)’Aliiml)crt MounLaiiiB. 

.V. Apennines. 

Caivcasua. 

Z. Alps. 

27. Eratontliones. 

28, Pi’oclus. 

28'. Pliny. 

20, Avistarolnis. 

80, .Herodotus, 

81, Ai’cliiincdos, 

82, ClooinotlcH. 
88, ArisUlhis, 

8‘l:. ICudoxiiH. 

8.5. Plato. 

80, Avis loth!. 

87, Endyinion, 


11. Alplionsus. 
If), Tlieophilus. 
1((, Ptolemy. 

17. Langronns. 

18. IlipparoluiH, 
10. Hriinaldi. 

20. Flamatoed. 

21. Messier. 

22. Muskolyiui. 

23. Trlosnockcv, 
21. K(jpl(n’, 

25, CopovnicuH. 
20, Stadivis, 


233. Lxumr Photography. — It is pi-oliable that the question liunavpbo 
of cliaugos upon tlie moon’s surface will in the end bo authori- 
tatively decided by means of photography. The earliest sueeoss 
in lunar photography was that of Bond of Cambridge, XJ.8,, in 
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Originated 
in this 
country. 


Latest 

successes. 


1860, using the old daguerreotyjio pmcoHU. 'PIuh wiih folhnviul 
by the work of De la Riio iii England, ami l)y Dr. Ileiiry Drapui' 
and Mr. Lewis M. Riitherfurd in Hum conn try. Until very 
recently Mr. Rutherfnrd’s pioture.s liiivo rtjinuiucd iilwoliitely 
unrivaled; but since 1890 there has bcou a grout advnncc. j\ t 
various places, esj)ecially at Cambridge and iit tlic In<sk and 
Yerkes observatories in this ooiintry, and iit Ihiria, most admi- 
rable photograj)hs have been made, which licar (siilai'gcnnuit wll 
and show almost as much detail as can ho scon witli tho tolcHcnju', 
— not quite, however. 

The half-tone engraving of tlio oiitive moon on )utg)^ 1H7 is Hlijiflilly 
enlarged from a photograph made by l’rofcN«or Uiilc at. Ills Konwiwul 
Observatory (Chicago) in 1802 with n Hi 1-inch p/uilm/ntpAii' nhjctil-gliisH. 
The other covers a small portion of tho moon's snrfuo** mi a luuoh 
scale, including tho great crater Tlieophilus with ils indglihors (JyrilliiH 
and Catherina. It is enlarged from a inagniftcont phnliigntiih itiiulc in 
1900 by Ritchey of the Yerkes Observatory with tho uon-fihnUHit'ttfiAf*' 
object-glass of the great 40-inch telescope, a yellowish enlor Koroon Im-Sijj? 
ixsed in front of the sensitive plalo to cut olT the re<l, vlnlol, iiinl iillrii-vioh't 
rays, according to the method introduced by Profossor Halo. Tlio origin mI 
negative is certainly not surpassed by aiij tlius far ulilainud with pliuln- 
graphic lenses oi* reflectors. 
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THE SUN 

Tim ])iin(mHli)ii«, MnHS, iind Duimily — Its U»»liUi()n mid lCt}iifUorlfil Acoul- 

iiviuhin — Jrotluuls i(f t(s Hurfiuu! — Tliii IMiiilusiilim'u — • Siin-HpotH — 

TlinU’ Niiluni, DiimnisioiiH, DoVdlupiuitiil, iiud IdotioiiH — Tliulr DiHtrlbutIcni ftiul 
I’oHiidiiflly — S»n-fc5i»)L TlmoidnH 

The huu is tho nearest of the 8la)% — a liot Helf-hitniiioiia 
globe, onornioiTH as eoniptiretl with the earth and moon, thongli 
probably only of modinin size eompared with otlier hUhs] but to 
the earth and the other planets Avhieh circle around it it is tho 
most magJuUeont and important of all the heavenly Ijodies. I U 
attraction controls their inotiony, and its rays supply the energy 
whioli maintains every form of activity upon their siii’faces, 

223, Tho Distance of the Sun ; the Astronomical Unit. — The 
problem of finding accurately the dulamm is oiio of tho 
most important and dinieult presented by astronomy, — inipor- 
tniit because this distance, i.d., the radius of the earth’s orbit, is 
the fundamental Astronomical Unit to which all moasuvonTonts 
of celestial distance are referred j diHieult because tho moasui’cj- 
inenUs which determino it arc so deliinito that any minute error 
of observation is enormously magnified in the result, 

’Without a knowledge of the sun’s distance wo cannot form 
u.ny idea of its real dimensions, mass, and density, and the 
tremendous scale of solar pheuomemi, 

Wo have already given one metliod for linding tliis distaneo, 
depending upon the experimental determination of tho vcloaiiy 
of lujht^ combined with tho observed aonskmi if uherraiion^ and 
^vo postpone until later the eonsideration of the methods by 
which Ave measure the awffijmraUax (See. 70) and so dotormlnG 

lUfj 


Tlio mm’B 


luiiKirlumni 
mi\ (lillU 
luilty of 
(Uaurmiitliiii 
tliu diHlniii'M 
of tliu Httll, 
lliu (ttmla- 
lUUMlUl 
iiiUroiioin- 
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his distance in terms of the radius of ilio earth. From the 
combination of all the material now available the suii’.s moan 
Its distance distance comes out very closely 92 900000 miles (1-^11) bOOOUd 
92 000000 kilometers), the horizontal iiarallax being 8'^80 d: ()''.02. 

"*^**^*’ The distance is still unoeriain by porhap.s 100000 miles, ami 

because of the eccentricity of the earth ’.s orbit it is variable tt> 
the extent of about 8 000000 miles, being the least on January 1 
and greatest early in July. 

Earth's The orlital velocity of the earth, found by dividing tho (tir- 

orbitni dimfei’ence of the orbit by the number of sccontls in fi y<uiv, 
velocity. miles a second, as already detorminod by aberration 

(Sec. IT 3). (Compare this velocity with that of a cannon-.sliot 
— seldom exceeding 2600 feet per second.) 

niustra- Perliaps one of the simplest illustrations of the distanco of tho sun in 

tions. that such a shot would rcquiie over six years to roach Llm sun, travolinj; 

without change of speed. A raUxoad train running at 00 milos an hour, 
without stop or slackening, would require 175 years, and tlie faro ouo way, 
at two cents a mile, would be $1 800000. A bicyclist traveling 100 niih'S 
a day would be nearly 2660 years in making tlio journey, and if lie bud 
started frojn the sun in the year a.d, 1, ho would by this tinxo have covorod 
only about three quarters of the distance. LUjhl makes tho Joiiruoy in 
499 seconds. 

224, Dimensions of the Sun. — Tlio siin’a mean apparent 
The sun’s diumeteT IS 32' 4^' ± 2''. Since at the distanco of the suii oiu* 
lOflTumes eq^uals 450.36 miles (92 900000 + 200264.8), its real 

that of the diameter is 866600 miles, or 109i times iliai of tho earth. 1 1 
earth. is possible that this diameter is variable to the oxlont 
of a few hundred miles, since the sun is not solid. 

If we suppose .the sun to be hollowed out, and tlio oarth 
Illustration; placed at the center, the sun's surface would bo 483000 milos 

srrimiom. distance of the moon from tho oartlx in 

pared with about 239000 miles, she would be only a little more tlian lial C- 

“ I'o'lo"' si 

■ which would thus form a very good sky background tor Uio 
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study of the lunar motions. Fig, 76 illustrates the size of the 
sun, and of such objects upon it as the sun-spots and “promi- 
nences,” compared with the size of the earth and the moon’s 
orbit. 

If -wo ropriisonk tho sun by a globe 2 feet iu diameter, the earth on 
the same boivIo -wonld bo 0.22 of an incli in diameter, the size of a very 
.small pea, at a distance from the buii of jnat about 220 feet ; and tha 
mmrest sUu'i ulitl im lint name nvule, would he 8000 miles away at the antipodes. 



Since the surfaces of globes are proportional to the squares 
of tlieir radii, the surface of the sun exceeds that of the earth 
in the ratio of 109.62 ; 1 ; the area of its surface is about 
1,2000 times the surface of the earth. 

The volumes of spheres are proportional to the cubes of their 
i'adii. Hence, the sun’s volume (or hulh) is 109 fy\ or 1 SOOOOO,^ 
times that of the earth, 

225. The Sun’s Mass.' — This is about 333000 times that of 
the earth. For our purpose the most coiiYonient way of reaching 


Siirraiiu iLrtii.rt 
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12000 tlinoH 
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Mass of the tliis result (for another method, see See. 880) is hy comparing 
sun 333000 ^ 1^0 earth*s attraction for bodies at her iSiii'faco, with the siin s 

oUhVonr*h. attraction for the earth as measured by our orbital motion. 

Call tills attraction /S and let Jl be the radius of tho earth’s 
orbit, V the radius of the earth, S tho mass of tho 8 un» and A 
that of the earth. Then, from tho law of gravitation (See. IdO), 


How deter- 
mined, 


we have^ 


or 




N= Ei''- 

\u. 


r 


7/2 


But, from the law of central force, /==”> in which 7 ” Is 

181 miles a second and U 92 900000 inile.s. Hoduoing Ji and U 
to inches, and making the computation, we iind/= 0.2882 in(du!.s, 

and since g (oorreoted for centrifugal force) is 886.8 inches, -- ~ 
IMJ' ^'^°’7 = - 3 Mi- = 23467, Iho of wlucl, 

is 650 686000. Finally, therefore, S — JC y. " 

luuo*T 

332400 E, But the last three iigures are unoortain. 


Earth’s 226. The Curvature of the Earth’s Orbit and Total Force of 

Sun’s Attraction. — The distance Avliich the earth would fall 
straight Hno towards the sun in a second if its orbital motion woro arrostod 
rlre'than'^ is ^ /, 01 ’ 0.116 inches, just as \ g, 16^ feet, is tho diatanoo 
oimninXof ^ towards the earth in the first second} and this 

an inch In 0,116 inches is the amount hy which the earth deviates from a 

I 8 .S miles, -tangent to its orbit in a second. In other words, tho earth in 

traveling 18.6 miles is deflected towards the sun but a lifcllo 
more than one ninth of an inch. 


1 Since the attractions of the sun and earth are hero incasured hy tho ncc^iifcr- 
ationa f and g, the proportion would strictly ho ftgzs ^ ^ whore 

m is the small body hy tho fall of which g is determined. BiU W and wi aro so 
small as compared with S and®, respectively, that they may ho omitted without 
sensible error, as in the proportion given. 
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It would seom that a fooblo force only would be needed to 
produce so slight a deviation from a straight lliu5. But since 
the sun’s attraction is fft a mass of IOC 9 pounds on the 
earth is attracted towards the sun with a force of about one 
pound.i 

It follows, therefore, that the total attraction between the 
earth and sun amounts to the amazing pull of 3 600000 onilUons 
of millions of tons (y-QV-ff earth’s mass, whi(3h is 0 x 10*^ 

tons), This would be the breaking strain of a steel rod more 
tlian 8000 miles in diameter, — a force inexplic.ably exerted 
tlirough, or tiwismitted by, apparently empty space, in which 
the planets move without sojisiblo resistance. 

237. Superficial Gravity, or Gravity at the Surface of the 
Sun. — ■ This is found by dividing the sun’s num by tlio square 

882000 

of its radius (both compared witli the earth), «.c., "’bieh 

gives 27.6. A mass of ton pounds would weigh 270 pouiuU 
on the sun, and a person who weighs ICO pounds hero would 
weigh over tioo tons there. Locomotion would bo impossiblo. 
A body would fall 444 feet in the first second, ami a pendu-. 
lum which hero vibratos in a second would vibrato in loss tliaii 
one fifth of a second there. But (putting tomporaturo out of 
oonsidoration) a watoli w6uld go no faster there than hero, since 
neither the inertia of the bahmce-wJieel nor the dastiGity of 
tho spring would bo affected by the inoroased gravity. 

238. The Sun’s Density.^ — Its mean density us compared 

with that of tho earth may be found by simply dividing its mass 
by its volume (both as compared with tho earth) j ic., tho sun’s 
density equals 882000 1 800000 « 0,265, — a little more 

than one quarter of tho earth’s density. 

‘ TIUh tlooB not Imply, anti it Is not truo, that wUon tlio ann Is ovorlioatl a 100- 
pound man weighs one tenth of! a pnnnd loss (by a sprlng-balanoo) than when 
the sun Is rising. (Why not P) Tho dlfforouco Is really only about 
of! his weight (Sec. 808). 
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To get its specific gravity — its density compared water — 
we inust multiply this by the earth’s uioaii siiGciiic gravityi 
6.63, which gives 1.41. That is, the sun's moan density is loss 
than one and one-half times that of water. 

This is a most remarkable and significant fact, considering tho 
sun’s tremendous force of gravity and that a conaidinublo portion 
of its mass is composed of metals^ as proved by tho sptHilro.soopu. 
The obvious, and only possible, explanation is that tho totnpora- 
ture of the sun is such that its maioriala aro almost wholly in 

the ’condition of vapor,' — not 
solid or oven liquid. 

229. The Sun’s Rotation, • 
This is mado ovidont by tbo 
behavior of tho dark sim-apoUs 
which cross tJio sun’s disk from 
east to west. 'The times in 
which they make thoir cirenila 
differ slightly, but tho aver- 
age, as seen from tho earth, 
is 27.25 days. 'Tliis, howovor, 
. is not the true or sidereal tiino 

Fw.77.-Syuodlc and Sidereal Bovolu- rotation, bufc tlui 

tlon of tbe Sun 

synodicy as is ovidont Irom 
Pig. 77. Suppose that an observer on the earth at J<J seos a siiot 
on the center of the sun’s disk at S\ while tho sun rotatoa tho 
earth will also move forward in its orbit, and wlion ho next sees 



the spot on the center of the disk he will bo at /?', tbo H[)ot 
having gone around the whole oiroumferenco plus tho arc /6SS". 
Equation for The equation by wliich the true period is deduced from the 
determining gynodic is the Same as in the case of the moon, viz . 

the sidereal 1 1 i » ■> 

period from J- t 

the synodic. p g' 

T being the true sidereal period of the sun’s rotation, JS tlio 
length of the year, and S the observed synodic rotation. U'bis 
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gives 25.35 days. In a year the number of sidereal revolu- 
tions exceeds that of the synodic by exactly one. 

Different observers, liowever, get slightly different results, 
because the spots are not fixed in their positions on the sun’s 
surface. Carrington finds 25.88 days and Spoor er 25.23 days. 

The paths of the spots across the sun’s disk arc usually 
more or loss oval, showing that the sun’s axis is not perpen- 
dicular to the ecliptic, but so inclined that the north pole is 
tipped a little more than 7° towards the po,sition which' the 
eartli occupies on September 7. The inclination of the sun’s 
equator to the plane of the terrestrial equator is about 26° 16' j 
but different investigators get slightly different values. 

■ The position of the point in the sky towards which the sun’s 
axis is directed is 
in right ascension 
19'*, declination 
+ 68° 48', very 
nearly half-way 
he two on the 
bright star a LyiEO 
and the pole-star. Twice a year, when the earth is in tlio piano 
of the sun’s equator, the sun-spot paths booorao straight, — on 
June 8 and December 6. (See Fig. 78.) 

230 , The Equatorial Acceleration, — It was noticed quite early 
that different spots give different rosulta for the period of rota- 
tion, but tlio researches of Carrington about 1860 first brought 
out the fact that the differences are systematic, and that at the 
solar equator the time of rotation is shorter than on either side of 
it. For spots near the sun’s equator it is about twenty-flvo 
days; in solar latitude 80°, twenty-six and one-half days; and 
in solar latitude 40°, twenty-seven days. In latitude 46° it is 
fully two days longer than at the equator ; hut wo are unable 
to carry the observations to higher latitudes because spots 
almost never appear beyond the parallels of 45°. 
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Fia. 7ft, — Path of Sim-Spots across tho Sun’s Jllslc 
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Various formulae have been proimsed to ropresent tlm moLiou ; that <»f 
FayCi which agrees with the observations as tv ell as any, is ,V = HDii' — 
186' sin^^ V being the daily motion. Spoeror’s formula, as iiuidincd by 
IVolfer, is A' = 8“ 55' + 5°.80 cos L Tliis looks very dUl'oront from ]‘'ayi'’n, 
but git'es very nea 4 -ly the same results for the regions in •whicli spots nro 
observable. None of tho formulm proposed rest on any sovtiul llieor<>tic'iil 
explanation. 


Clearly the sun’s visible surface is not solid, but porniits 
motions and currents like those of our air iiucl oucans. It 
might be argued that the spots misrepresent tho sun’s real I’ota- 
tion, not being fixed upon its surface, floating like our oloucls, 
The iaoulfe, however, give substantially the same rosiilL, and so 

do Dun6r’s specUuscopio observa' 
tious of the shift of lines in the 
spectrum at the oastorn and weslorn 
limbs. (See Sec. 264.) 

Possibly this equatorial acGelei*- 
ation may be, in somo way> an effect 
of the tremendous outpour of lioat 
from the solar surface, as Emdon 
of Munich attempts to show in a 
paper Just published. Other recent investigators, however, 



Fiq, 70. — Tolcscope and Screen 


have reached the conclusion that it cannot be explained by 
causes now acting, but is a lingering ewrvival from the 8 uu*h 
^ mt history, and destined ultimately to disappear. 

231. Arrangements for the Study of the Sun’s Surface.— -Tim 
heat and light of the sun are so intense that we cannot look 
directly at it with a telescope. A very convenient motliod of 
exiiibiting the sun to a number of persons at once is simply to 
attach to a telescope a small frame carrying a screen of whito 
paper at a distance of a foot or more from the oyepiooe, as 
shown in. Fig. 79. A screen should also be used at the objoot 
end, as shown in the figure, in order to shade the papor upon 
which the image is formed., When the focus is properly 
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adjusted a distinct imago appears, wliich shows the sun’s princi- 
pal features very fairly ; indeed, with proper precautions, almost 
as well as the most elaborate apparatus. Still, it is generally 
more satisfactory to look at the sun directly with a suitable 
eyepiece. 

With a small telescope, not more than 2^- or 8 inches in 
diameter, a simple shade glass is often used between the oyo- 
pioco and the eye ; but the dark glass soon becomes very hot 
and is apt to oraok. With larger instrumente it is necessary 
to use eyepieces specially designed for the purpose, and known 
as solar epepieoes^ or lieliosoopes^ wliich reject most of the light 
coming from the object-glass and 
permit only a small fraction of it to 
enter the oj^o. 

Tho simpkfit of tliom, and a very good 
one, 18 known as Hevsohel’s, in wliich the 
sun’s rays avo inlloctod ab rlglifc angles hy 
a iilano of unsilvorod glass. Tlio rofloctor 
ia made wcdge-slmiied, as shown in Fig, 80 , 
in order that tho rofloction from tho hack 
surface may nob intorforo witli tho imago. 

Most of tho liglit pusses through tho glass 
and out throiigh tho open ond of tho oyo- 
pieco, bub tho reflectod light is still too 
intomso for tho unprotooted oyo, Only a thin shado glass ia roquirod, how- 
ever, which, does not boooino very imich liontod. A more olaborato pnlav- 
izing helioscope, iigured in tho General Astronomy, is still better, 

It is not a good plan to cap tho obj cot-glass in order to reduce 
tho light, To out down tho a 2 ')ortiu'o is to saoririoo tlio defini- 
tion of delicate details (Sec. 40). 

232. The Heliograph. — In tho study of tho sun’s surface, 
photograpihy is for some purposes very advantageous and much 
iLsed, The instrument (called a heliograph) must, however, have 
lenses speoially constructed for photograidiy, since a visual 
objeot-glass would bo nearly wortliloss for tho 2 }ui’ 2 )oso unless 



Fio, 80 . — Horsoliol ISyeploco 
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possibly the use of a color soreeu might nuiko it avaihililo 
(Sec. 222). ArrangemenUs must bo made also to soouro au 
extremely rapid exposure, and it is best to use spooial slow 
plates. The disk of the sun on the negatives is usually from 
2 to 10 iiiches in diameter, but photographs of small portions 
of the solar surface are often made on a ^mry much larger scale. 



Fia, 81. — Graenwloh Photograph o£ Snn-Spot, Sopt, tO, 181)8 


Fig. 81 is reduced from a 9-inch photograph made witli one of 
the heliographs at Greenwich, on Sept. 10, 1898, 

Photographs have the great advantage of fiuedoni from pro- 
possession on the part of the observer, and in. an instant of 
time secure a picture of the whole surface of the sun such tin 
would require hours of labor for a skilful draftsman. On tlic 
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other hand, they take no advantage of the instants of fine seeing, 
but offer merely, as some one puts it, “a brutal cojiy” of what- 
ever happened to appear when the plate was exposed, affected by 
all the momeiitaiy distortions due to atmospheric disturbance. 

233. The Photosphere. — The sun’s visible surface is called tho iiimiii. 
the J?hoto8pliere^ i.e,, the « light sphere.” When studied with 


Fra. 82 . — Nodules and Granules on tlio Sim’s Surface 
Aftov Iwnngloy 

a telescope under favorable conditions, and a rather low power, 
it appears not smoothly bright, hnt mottled, looking much liJce 
rough drawing-paper. It is oonsiderahly darker at the edge than 
ill the center, the difference between the center and limb being 
especially oonapictious in photographs, as in Fig. 81. With a 
high power and the best atmospheric conditions, the surface is 
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shown to be made up, as seen in Fig. 82, of a comparativdy 
darkish background sprinkled over with grains, or “ noduF's, 
as Herschel calls them, of something much more hrilliani, — 
“like snowflakes on gray cloth,” according to Langley. Ihe.HO 
Nodules, nodules, or “rice grains,” are from 400 to 600 miles aoioss, 
Kniuiiies, tliG Seeing is best they thcmselyos Imcak uj) into 

“granules” still more minute. Generally the nodule.s arc 
otc- about as broad as they are long, though irregular, but bero 

and there, especially in the neighborhood of the spots, they avo 
drawn out into long streaks, and then are called “ iilainonts, 

“willow loaves,” or 
“thatch straws.” 

Certain bright 
streaks and patches 
called Facula> are also 
usually Auaiblo liero 
and there upon the 
sun’s surface, and 
though not A^ory (ob- 
vious near the center 
of the di-slc, they be- 
come conspiouon.s 
near the limb, OHpo- 
daily in the neighborhood of spots, as shown in Fig. 88. Pro\>- 
ahly they are of the same natm’e as the re.st of the photosphere, 
only elevated above the general level and intensified in bright- 
ness because less affected by the absorption of tho overlying 
gases. 

The photo- The photo&fhere is prolaUy^ according to tho view now 
spiiero prov generally accepted, a sheet of clouds ftoatinci in a less 'luminous 
o* incandes- atmosphere^ just as tlie clouds formed by the condensation of 
vapor float in onr air. It is intensely brilliant, for tho 
aWeisbnch same reason that the mantle of a Welsbaoli humor oiitsbinos 
mantle. the gas flame wliioh heats it; the radiating poioer of tho solid 
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and liquid particles which compose the clouds is extremely high 
as compared with that of tlie gases in which they float. (See 
also Sec. 278.) 

234. Sun-Spots. — ^ Sun-spots, wlienever visible, are the most 
conspicuous and interesting objects upon the solar surface. 

The appearance of a normal sun-spot (Fig. 84), fully formed Tim ntjrinnl 
and not yet beginning to break up, is that of a dark central 
umhray with a fringing penumbra composed of converging fila- 


ments. The ximbra itself 
is not uniformly dark 
throughout, but is over- 
laid witli filmy clouds, 
which usually require a 
good helioscope to make 
them visible, but some- 
time.s, though rather 
infrequently, are con- 
spicuous, as in the figure. 
Usually, also, within the 
umbra there are a num- 
ber of round and very 
black spots, sometimes 
called “ nucleoli,” but 
often referred to as 



“Dawes’ holes,” after the 


name of their first discoverer. Even the darkest portions of the DarlcoHi 
sun-spot, however, are dark only by contrast, Photometric 
observations show tlxat the umbra gives about one per cent as bi-iRia im m 
much light as a corresponding area of the photospliere, so that 
the blackest jiortion of a sun-spot is really more brilliant than a 
calcium light (Sec. 266). 

Very few .spots are sti'ictly normal. They are often gathered 
in groups within a common penumbra, which is partly covered 
with brilliant “bridges” extending across from the outside 
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photosphere. Frequently the umbra is not iti the con tor of 
the penumbra, or has a penumbra on ono side only 5 and bho 
penumbral filaments, instead of converging regularly towaixls 
tbe nucleus^ are often distorted in every conceivable way. 
Fig. 85 is enlarged from a Grreenwioli photograph of tlio 
spot of September, 1898.^ 

235. Nature of Sun-Spots Until very receiitl}'- sun-spoU 

have been believed to be cavities in the photosi^hero nilod witli 
gases and vapors, cooler, and therefore darker, than the sirr- 
rouncling region. This theory is founded on tlie fact that 



Fia. 85, Gfoup of SpoUi from a Greemvieli Photogrftplj, Sop(. II, 1898 


many spots as they cross the sun’s disk behave as shoivn in 
Rg. 88 . Wear the limb they look just as they would if they 
were saucer-shaped hollows, with sloping sides colored grfty 
and the bottom black, 

This theory has, however, of late been seriously called in 
c^uestion; many spots, possibly a majority, as shown by photo- 
gmplis and drawings, fail to present the appearances desoribod. 
But the principal objection . lies in the behavior of spots in 
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respect to their heat radiation. Near tlie center of the disk 
the thermopile shows that, as they are darker, so also they 
emit less heat than the photosphere around them 5 but near the 
“limb** (t.e., the edge of the sun’s disk) the difference becomes 
less and in some oases is even reversed, a fact most easily 
explained by supposing the spot to -be high above the photo- 
sphei-e. 

On the ^vlK)le, it now seems most probable that different spots 
lie at very different levels, some low down, forming hollows in 
the photospliere, but others at a considerable elevation. 

';rhe penumbra is usually composed of “thatch straws,” or 
long-drawn-out fllaments of photospheric cloud, and those, as 



Fig. 81 ). — Sun-Spots us Uavitios 


has been said, converge in a general way towards the center of 
tli0 spot, though not infrequently more or less spiral in their 
course. 

At its inner edge the penumbra, from the convergence of 
tliese fllaments, is usually brighter than at the outer. The 
inner ends of the filaments are ordinarily club-formed; but 
sometimes they are drawn out into fine points, which seem to 
curve downward into the umbra, like the rushes over a pool of 
water. The outer edge of the penumbra is usually pretty 
sharply bounded, and there tlie penumbra is darkest. In 
the neighborhood of the spot the surrounding photosphere is 
usually much disturbed and elevated into facnlm, which ordi- 
narily appear before the spot is formed and contimio after it 
disappears. 
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236. Dimensions of Sun-Spots, — The dianiotei' of ilio ^imhya 
of a sun-spot varies all the way from 600 miles, in the cnBQ of 
a very small one, to 40000 or 60000 miles, in tlio ease of Urn 
largest. The penumbra surrounding a group of .spot s i.s hoiuo- 
tiines 160000 miles across, ihouglt that is exceptional. Nttt 
infreq^uenily sun-spots are large enough to bo visible with tlio 
naked eye and can actually be thus scou at sunset or through u 
fog or by the help of a colored glass. 

The Chinese have many records of such objects, hut thoir real 
discovery dates from. 1610, as an iramediato consequonoo of 
Galileo’s invention of the telescope. Fabricius iuul Schoinor, 
however, share the honor with him as being indoponclont 
observers. 

237. Duration, Development, and Changes of Spots. — ’’riio 
duration of sun-spots is very variable; but they aro alwji}'^, 
astronomically spealdng, short-lived pheumnena, sometimes last- 
ing for a few days only, though more usually, if of any size, lor 
two or three months. In a single recorded iusiance (1840—41) 
a spot persisted for eighteen months, 

The faculm in the surrounding region generally endure much 
longer than the spots, and not infrequently a now group of 
spots breaks out in the same region where one has disappoarml 
some time before, — as if the loeal disturbance which caused the 
spots andfaoidce still continued deep below the surface. 

The development of a spot or s^iot group usually begins, 
according to Seoehi, mth the formation of faculeo intGrs 2 )Oi’SO(l 
with small dart jjoints, or “ pores.” These pores grow rapitll}’’ 
larger, coalesce, and the neighboring “granules” of tlie ^ihoto- 
sphere are transformed into the filaments of the ponumbi’A, 
converging towards the umbra. Ordinarily this jirocesa talcos 
several days, but sometimes only a few hours. 

According to Cortie, the irregular grou^) of scaiterod inoipiont 
sjiots soon passes into a second stage, stretching out east and 
west with two predominant spots, one a leader, the othor a 
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rear-guard of the flock. The preoediiig one (in tlio direction of 
the sun’s rotation) is usnallj'’ more eonipuet mid regular, though 
the other is soiuotimes the huger, ilhe leader apparently 
pushes forward upon tlio photosphere and so increases the 
length of the train of “vSpotlets” between the two principals. 
Then a third .stage follows, as well shown in Fig, 85, See. 284. 
After a time these small spots generally disappear, usually 
fallowed pretty soon hy the larger spot in the rear, leaving the 
leader to settle down into a well-formed “normal” spot, which 
may endure without mueli change for weeks or months ; not 
infrequently, however, the loader disappears with the rest. 
Frequently a large spot divides into several, separated hy bi*il- 
liant bridges, and the “segments” fly ajjart with a speed of 
sometimes a thousand miles an hour. An active spot is an 
extremely interesting telescopic object ; not infrequently a 
single day works a complete transformation. 

Whon a large spot vanishes it is most usually by tlio rapid 
euoroachment of the surrounding atmosphere, which seonrs, as 
Seochi expresses it, to “tumble pell-mell into the cavity,” if it 
be one, forming iifaeula to replace the spot. 

238, Proper Motions of the Spots. — Spots within 15° of the 
equator usually drift slightly to^oards iU while those in higher 
latitudes drift from it \ bub the drift iu latitude is seldom rapid, 
and exceptions to the rule are numerous. 

Active spots as a rule drift pretty steadily forward in the 
direction of tlie sun’s rotation. The quiet ones move slowly, 
if at all. 'Within and close around the spot the motion with 
reference to the spot is usually inward and downward, so far as 
it can be observed. Occasionally fragments of the penumbral 
filaments break off, move towards the center of the spot, and 
disappear as if swallowed up by a vortex (but there are otlicr 
possible explanations of their vanishing, such as dissolving into 
invisible vapor). Sometimes, bub rarely, the downward motion 
in the umbra of a spot is swift enough to bo detected by the 
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displacement of lines in the spectrum (Sec. 254). On the other 
hand, around the outer edges of the penumbra tlioro is often a 
vigorous boiling up. from below, evidenced by the eruption of 
prominences (Sec. 260) and by spectroscopic plionomena within 
Occasional the Spot itself. Cyclonic action is often observed; somotimoH 
acOo'"^ there are two or more “whirlpools” within the same spot, not 
infrequently rotating in opposite directions, 

239. Distribution of the Spots. — For tho most part tho sjnrhs 
are confined to twojbelts between 6° and 40° of north and soulh 
Distribution latitude (Fig. 87). A few appear near the equator at tlio timo 
boiteon*" sun-spot maximum, and practically none beyond the 

each side forty-fiftli degree, though in somewhat liigher latitudes Avhat 

of sail’s 
equator. 
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Fia. 87. — Spot Bolts and Paths 

Trouvelot calls “ veiled spots ” sometimes appojir, looking like 
dark masses floating a little below the surface of tho photo- 
sphere and only dimly seen through die overlying cloud. 


Generally the numbevs are about eciual in the two lieuiiaphoroH, but 
aometimea there ia a mailced difference for years, From 1672 to 170‘l 
not a single spot was observed on the northern heiniaphovo, an<l tho break- 
ing out of a, few in 1705 oooasioned great surprise and was reported to 
the Fi'ench Academy as an anomaly. No reason for aucli a ono-sidod 

Periodicity 240. Suw-Spot Periodicity. — The number of spots varioH 
w““'ae 1” years and shows an approximately regular- 

eieyqn-ycar peHodwiy; -pf ^about TPe fact was first disoov- 

“J"'-' ,;.TOd,;by .Selrwabe of Dessau, in 1848, as the result oi: his 
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systematic watching of sun-spots for nearly twenty years, and 
lias since been abundantly coniirmed. 

Wolf of Zurich, who died in 1893, has collected all the obser- 
vations available and summarized them in the diagram of which 
Fig. 88 is the reproduction. Fig. 89 continues it to date. Tlio 



last maximum oecurred in 1894 j 
the last minimum near the begin- 
ning of 1901. 

During the maximum, the sur- 
face of the sun is never free 
from spots ; sometimes a hundred 
are visible at once. During the 
minimum, \veoks, and months 
even, pass without a single one, 
maximum is mucli more ra]3id than the fall that follows, and 
evidently from the diagram the maxima are not of equal inten- 
sity, nor are their intervals equal. Dr. J, S, Lockyor (son of 
Sir Norman), from a recent investigation of all data (including 



Fio. 8i). — Coiitliuiation of Fig, 88 

The rise from minimum to 
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magnetic iis well as strictly solar) between 1833 and 1901^ lindM 
that this variation appears to be itself periodical, with a janrititl 
of about thirty-five years. But the time covered by the material 
is hardly siilTicient to warrant a sure conclusion. 

Many attempts have been made to connect these phono men u 
in some way with planetary action, but so far without snecesH, 
and the general impression has lately been that it is probably 
due to causes within tlie sun itself or its atmosiiliero — a sort of 
geyser-like action — rather than to anything oxtornal. 

But a recent thorough investigation by Professor Nowconib 
puts rather a different jihase upon the matter. ITo Auds ii 
regular period of 11.13 years (4.62 -f- 6.61) as a uniform oi/olti 
underlying the variatioM of mn-spot activity; just as 

the regular period of 36 6^ daj'^s underlies the more or leas vari- 
able seasons. He adds, “Whether the cause of this oyolo is 
to be sought in something external to the sun, or within it, . , . 
we have at present no way of deciding,” 

241. Spoerer’s Law of Sun-Spot Latitudes. — Speaking broadly, 
the disturbance which produces the spots of a givon period first 
appears in two belts, about 30® iiortli and south of tlio sun’s 
equator. These seats of disturbance then move gTadually 
towards the equator, and the spot maximum oocurs when thoir 
latitude is about 16®, while the disturbance dies out at a lati- 


tude of from 5® to 10®, about thirteen or fourteen years after 
its fiist outbreak. Two or three years before this disappear- 
ance, however, two new zones of disturbance show thomsolvos 
in latitude 80® to 86®. Thus, at the spot minimum there 
are usually four well-marked spot belts, one on each side oj’ 
the equator, due to the expiring distiirbanoo, and two in high 
latitudes, due to the one just beginning, 

242. Cause of Sun-Spots.— Absolute knowledge ia wmaiiig 
beta. Numerous theories Imve been proposed! many of Uiom 
are now refuted mid of tae that remain no one oau bo said 
to be fully Bstablmhed. On the whole, perhaps, at present the 
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most probable view is that they arc tlas result of enqyiions^ — 
not, however, that they are craters through which the eruptions 
break out, as was at one time thought. It is more lilcely tliat 
when an erui^tion takes place a hollow or “ sink ” results in the 
neigliboring surface of the photosphere, in which liollow the 
cooler gases and vapors collect. 

Another theory, first proposed by Sir John Ilerschel and now 
favored by Lockyer and others, is that the spots are formed, 
not by any action from within, but by cool matter descend iug 
from above, and probably of meteoric origin ; but it is not 
easy to reconcile this with the peculiar distribution of the 
spots upon the sun’s surface, though it falls in well with their 
periodicity. 

Faye considers them to be cyclones in the solar atmosphere 
somewhat analogous to terrestrial storms. 

In 1891 E. OppolKor ol Vienna proposed the no west thoory, -whicli 
attributes tiiein to bodies o:E gas and vapor which, ascending from tlio 
polar regions, drift towards tlio equator and descemd in the spot /.ones, 
becoming xounned and dried by tlio descent, — just as is Uio ease witli 
descending ouvrents in the earth’s atmosplicro. Tf lie is right, the spots 
arc actually hoiier than the underlying pliotosphera, hull ](!,s.s luminous 
because, being purely gaseous, they radiate less powerfully. 

243, Terrestrial Influence of Sun-Spots.- — ■ One correlation 
between sun-spots and the etu'th is perfectly proved, Wlioii the 
spots are numerous magnetic (“magnetic storms”) 

are mo.st niiiuerons and intense, and, as Ellis has also shoivod, 
the regular daily variations of terrestrial magnetism are also 
greatest; in many instances also (but by no means always) 
notable disturbances upon the sun have been acoompaniod by 
violent magnetic storms and electric earth-currents, with brilliant 
exhibitions of the aurora borealis, as in 1869 and 1888. The 
fact of the connection between terrestrial magnetism and solar 
disturbances is beyond doubt, though the nature and mechanism 
of this connection is as yet unknown, ■ — we do not know whether 
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the solar disturbance cmises the terrestrial, or wlioLher liotli ■dis- 
turbances are due to some externa I influence. 

The dotted lines in Figs. 88 and 80 represent the magiiotin 
“storininess” at the indicated dates, and it.s correspondoimo 
with the sun>.spot curve makes it impossible to doubt lludr 
connection. 

It has also been attempted to show that solar disturbannuH 
are accompanied by effects upon the earth’s met<!ort)lni/i/^—\\{nm 
its temperature, barometric pressure, stormiuess, and amount of 
rainfall. It can only be said that the matter is still nndoi* 
debate. While some particular investigations appear to hUow 
a correspondence for a time, others contradict them. If, as in 
not antecedently improbable, some real connection exists, otlior 
disturbances so mask and distort the sun-spot effects that the 
evidence is thus far inconclusive, and it may be many ycar« 
before the question can be finally decided. At present it is not 
certain whether the earth is warmer or cooler, more rainy or 
less so, at the time of sun-spot maximum. 

It is certain that sun-spots cannot produce any sensible offoefa 
by their direct action in diminishing the heat and light of tho 
sun, since they never cover as much ns ono-thousaudLli jiai't 
of the solar smface. There seems to be, however, at i>rosont, 
according to Halm, a slight balance of statistical ovidoneo in 
favor of the belief that on the whole the tom pern Lure of tliu 
earth is really slightly higher at or near a & 2 ^Qt minhnuni tliaii ut 
a maximum. 
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THE SUH {Conlinuei}) 

Tlio Spoclroscopo, tho Solfir Spootriuii, and ilio f'hainiaal OimstltnMoii of tho Sun — 
Tlio Dopplor-FJzoau Primd jilts — Tins ClironsoHjiltui'ts and Proniliioiicos — 'i'lio 
Corona — The Sun’s Light — Maasuromont of tins Iiitoiisity of tins Sun’s llcsat 
— Tlioory of Its Main ton aiitso — Tins Ago and Dtsratlon of tins Siin — Sunuiiiiry 
as to the Constitution of tlio Sun 


About 1860 the speotroscopo appeared in tliO field ns a now 
and powerful instrument of astronomiofil rose are li, resolving Jit 
a glance many problems which before liad seemed to he abso- 
lutely inaccessible to investigation. It is not extravagant to 
say that its invention has done almost as muelifor tlio advance- 
ment of astronomy as that of tlie telescope. 

It enables us to study the light that comes from distant 
objects, to read therein a recoi’d, more or less complete, of thoir 
cliomical composition and physical conditions, to measure the 
speed with which they are moving towai’ds or from us, and some- 
times, as in the case of the solar prominences, to see and observe 
at any time objects otherwise visible only on rare occasions. 

244, The Spectroscope. — The (tsmdial part of the instrument 
is either a prism or train of prisma, or else a “ diffraction grat- 
ing,” which is merely a piece of glass or speculum-metal, ruled 
with many thousand straight equidistant lines, from ton thou- 
sand to twenty thousand in each inch. Eitlier the prism or the 
grating performs the office of “ dispersing ” the rays of different 
wave-length and color. 

If with such a “dispersion piece,” as it may be called (either 
prism or grating), one looks at a distant point of liglit, — a star, 
for instance, — he will see, instead of a point, a long strealc, J’od 
at one end and violet at the other. If the object observed is 
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not a point, but a line of light parallel to tlio edge of the prism 
or to the lines of the grating, then instead of a nioro colored 
streak without width one gets a spectrum ^ — a colored hand or 
ribbon of light, — which may sliow transverse markings that 
will give tlie observer most valuable information. 

It is usual to form this line of light by admitting Iho 
Tho Blit and light through a narrow slit (seldom more than of an inch 
collimator, -wicte) placed at one end of a tube which carries nt the other 
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Fiq. 90. — Dlfforont Forms of SpootrOBCopo 

end an achromatic object-glass having the slit in its principal 
focus {Physics^ p. 369). The rays from the slit after having 
passed the object-glass form a parallel beam, just as if they had 
come from a very distant object. This tube with slit and Ions 
constitutes the collimator.^ so named because it is preoisoly Iho 
same as the instrument used with the transit-ins truinenb to 
adjust Us line of collimation. 

The view- Instead of looking at the spectrum with the naked oyo it is 
telescope. o^ses to magnify it by using a small viaw-tcUscojJe 
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(so callod to distingiiisli it from the large telescope to which the 
spectroscope is often attached). 

The instrument, therefore, as usually constructed and shown 
in the diagram (Fig. 90), consists of three parts, — ■ collimator, 
prism or grating, and vie w-teles cope, — although in the “ direct- 
vision ” spectroscope, shown in the figure, the view-telescope is 
omitted. 

Fig. 91, from The by permissioii of Appleton & Co., Tim toln- 
represents a large “ telespectroscope’’ (as the combination of 
telescope and .spectroscope is called) arranged for photographic 
work. 

245. The Formation of the Spectrum. — If the slit 8 be illumi- 
nated by strictly “ homogeneous light” (^6,, all of one wave- 
length), a single imago of it will be formed. If the light is How iho 
yellow, a yellow image will appear at Y (Fig. 90). If at the 
same time light of a different wave-length and color ■ — red, for 
instance — be also admitted, a red imago will be formed at li, and 
the observer will then see a spectrum with two bright lines, the 
lines being really nothing more than images of the slit. If violet Tho mhoj*- 
light also is admitted, a third (violet) imago will bo formed at 
V, and the sj^ectruin will show three bright lines. iiio hHi. 

If the light conies from a luminous solid,, hko tho lime cylin- 
der of a calcium light, or the filament of an incandescent lamp, 
or from an ordinary gas or candle flame (in vdiich the light- 
giving particles are really bits of solid carbon),, rays of all 
possible wave-lengths will bo emitted and pass through the slit, The 
and as a consequence we shall have an infinite number of these 

, ~ .-If. .1.1 fipwitnuu. 

slit-images packed close together, like a pioket-fenco in winch 
the piokets touch eacli other ; we then get what is called a oon- 
tinuous spectrum, ranging in color from red at one end to violet 
at the other, but showing no transverse lines or markings. 

If tho light comes, however, from an oloctiio discharge between 
two metallic balls, or in a so-called Geissler tube, or from a Spofttrum imf 
Biinsen-bnrner flame charged with tho vapor of some volatile 
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Fra. 01. — Telcspeetroscopo, fitted for PhotoRrapliy 
Prom The Sioi, by permission of tbo inibltsliorg 
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metal, tlie spectrum will consist of a series of bright lines or 
bauds of different colors and usually nunierons. 

246. The Solar Spectrum. — If wo look at either 

direct or reflected (as from a piece* of paper or from the moon), 
we get a spectrum, continuous in the main but crossed by tiio solar 
thousands of dark lines, or missing slit-images, known ns the 
“Fraunhofer lines,” because hhuunhofer was the first to map jrriuuiiiofor 
them (in 1814), To some of the more conspicuous lines he 
assigned letters of the alphabet wliicli are still retained as 
designations i thus, A is a strong lino at the extreme rod end of 


K n 



Fia. 02, — H and K Region of Solar Spoctrum 
From photograph by Jowoll, Jolina ilopkIiiH Vnivorelty 


the spectrum ; C, one in the scarlet y D, one in the yellow j h', 
in the blue; and K and 1C are a pair at its violet oxtremiby. 
li'ig. 92 is from a photograph of a small portion of the violet 
region of the solar spectrum including the great IT and K lines. 
'ITie central strip is made by light from the very edge of the 
sun ; the strips above and below, by light from the center of 
the disk; there are some notable differences in the appearance 
of some of the lines in the two eases. 

On the scale of the lower band of this photograph the wlmlo 
of the visible part of the solar spcfjtrum would bo about 20 feet 
long. Our present maps of the spectrum contain more than ton 
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thousand lines, some strong and heavy, othens so fine as to be 
hardly visible, but eacli as permanent a feature of the spectrum 
as rivers and cities on a geographical map. 

The visible portion of the spcotriiin is by no moans the whole, 
— only a small pai't of it, indeed. Above II and K lies a long 
» ulti’a>violot ’’ region consisting of rays whose wave-length is 
too short to affect our eyes, but crowded with dark lines and 
accessible to photograpiiy. At the other end, below A, there is 
an infra-red ” region some twenty times as long as iho visible 
spectrum and consisting of rays, which, while they bring us 
a large part of all tlie heat we receive from the sun, have 
wave-lengths too long to produce vision. A small part of this 
infra-red speotnim can bo photographed, but most of it is 
accessible only to such heat-measuring instruments as Lang- 
ley’s “holoinoter” {Q-eneral Astronomy.) Arts. 348 and 844). 
This region also is full of interspaces of exactly tho same 
nature as the dark lines in the visible spectrum. 

The position of each lino in the spectrum depends entirely on 
the ^oave•lenytJL or kminous of the ray wliioh produces it, 
or rather (since tlio lino is dark) has boon suppressed.) and is 
missing. Tho significance of tho linos depends upon tlioir 
arrangement and oharaeteristioS) just as the “sense” of a printed 
page lies in iho loUors and their grouping. As to the colors of 
the spootrum, the spoctrosoopist generally pays no more attention 
to them than the geographer to the colors on his map, 

Tho explanation of tho Fraiinhofor lines remained a mystory 
for nearly fifty years, until cleared up by the discoveries of 
Kirohhoff and Bunsen in 1869, 

247. Principles upon which Spectrum Analysis depends,- — 
Tliese (substantially), as announced by Kirohhoff in 1869, are 
iiie three following j 

(1) A Oonihvaous Spectrum is given by himinoiis bodies, 
wliioli are so danse that tlie moloculos intorforo with oaoh otlior 
ill suoh a way as to prevent their free luminous vibration, 
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by bodies which are solid or liquid^ or, if gaseous^ are xmder hi{/k 
pressure. Such bodies emit a jumble of all possible wave- 
lengths and colors. 

(2) The Si)ectrnm of a luminous gas %inder low p>vess%ire is 
discontinuous,, made up of bright lines or hands,, and these lines 
are oharacteristio ; i.r., tlie same substance under similar oondi- 
iions alxoays gives the same set of lines and generally does so 
even under conditions considerably different ; but it may (and 
many gases do) give 
two or jnore differ- 
ent spectra when the 
circumstances differ 
too widely. 

(3) A' gas or vapor 
absorbs from a beam 
of white liglit which 
passes through it pre- 
cisely those rays of 
which,, when the gas is 
luminous, its own spec- 
trum consists. The 
spectrum of the trans- 
raitted light then 
exhibits a reversed 
spectrum, which shows upon a continuous background dark 
lines replacing the bright ones that oharactoriKO the gas. 

This principle of reversal is illustrated by l''ig. 93. In front 
of the slit of the spectroscope is placed a spirit-lamp or a 
Biinson burjier, with a little bead of carbonate of soda in the 
flame, and if wo add a little salt of thallium, wo shall then got 
a spectrum showing the two principal yellow lines of sodium 
and tlio green lino of thallium, — all tlirco hriglit, If now a 
lime-light or an eleetrie arc ho put in (letioii behind the flame, 
wo at once get the effect shown at the bottom of the flguro, ■ — ■ 
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II 1 trill iant tioiithuiouK Hpoclrum crossod by tliroo hlaoh'^ lines 
^^'lli<!h tixnoLly aviplaoo tho briglil ougs. Insert a sereeu boliiiid 
I lie lamp Ibuno iiiid tlio linoH immodiuLoly brigliten ag'uiii. 

77«- exphauLtitui af the Fraunhofer lines^ therefore.^ is that theij 
•fi'r nminlif dne to the. ahsorhiin/ aolion of the. i/ases anil vapors of 
the nofttr itlmonpherc. upon the lu/ht transmitted ihrouph them from 
the or nolid parfleles which compose, the clouds (f the solar 

photonphere. Soino <iE the diirk lines of Iho solar sjiootruni, 
known us tell nr in lineSi are, liow(jyei', due to the gases and 
vttpors ttf lint eurUbS atinosphere, — to water vapor and oxygon 
esputnally, 

248, Chemical Constituents of the Sun. — Numerous lines of 
llu' solar Hpeelruin liave been idouliru’d as due to the presence 
in tbu Hinds utinospboro of known terrestrial oleiiiuntH in the 
sliilo (jf vattov. 

'Ik) offoot the comparison neoessavy foi' tliis purjiose tlic 
o|jNcrvm'’H appartitiis must bo so arranged that lie can eon front 
llm Hjicictriini of siinliglit with tluil of the substaneo to bo 
exam ii led, which must be hrouphi into the i/aseous conditmu so 
that it can emit its clmraetoristie spootriiin of bi'iglit linos, 

III the <!iiso of those Hubstiiiioo.s wliieli. volatilize at a compara' 
lively low temporaturo, ns, for instance, sodium, eiilcimn, tlial- 
liinii, and Lhu alkaline mo Lais generally, iho ilumo of a spiriUnnip 
or JluiiHCii Imriiur aiiswoi's the purpose. A little piece of the 
medal or of one of its easily volatilized salts is inserted in the 
11am 0 , and the bright lines or bands of its spectrum appear at 
onco in tbo spoclrosoopo. 

If this dame is not hot enough, Unit ol the oxjdijulrogon 
bhnvpipo used for the calcium light may answer. 

i 'i'liclr npinu'ont dai'koninK, liosvovcr, wlion tlio bi'llllanl llgia trom Uio hino 
(h rmuHtuUuid Uu'ougli the JIamo, Is only rclaUw, not real. Tliolr bi'lglUnoss la 
III' hi ally a iittln Incroascd i but tins bviglitnoss of tlio baolcgrouiul is Inorensert 
hnwouitelt/^ nmkliig It an nmi’li brighliir llian tlio tliroc lines that, contrasted 
with 11, Ihoy Ionic black, as dooa an olootvio arc when hamposed between the 
oyo imd llio sun. 
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This failing, recourse is liad to electricity. Most of the 
metals vaporise at once in the elec.tric ara between carbon 
electrodes, but wo may have to employ the still higher tem- 
perature of an dectria B-parh produced between 
electrodes of the metal by an “induction coil”; 
and in passing it is to bo noted that the spectrum 
of the metal produced by the spark usually pre- 
sents notaldo differences from tlie arc spectrum, 

Finally, if we have w pennanent (jas^ say hydro- 
gen, to deal with, it is sealed up, usually much 
rarefied, in a glass Gekder tube (Fig. 94), 5 or 
6 inches long, with metallic electrodes at each 
end, by means of which electrical discharges can 
be passed through the gas. 

249. Method of comparing Spectra, — In order 
to effect the comparison, lialf the slit is covered 
with a little reflector, or a so-called “ comparison 
prism” wliich reflects into it the sunlight, while 
tlio other half of the slit receives directly the light 
from tlie luminous vapor. Upon looking into 
the spootvosoopo the observer will have the two 
spectra, of the sunlight and of the inotal, side by 
side, and can at once see what bright lines of tho 
metallic spectrum do or do not exactly coincide 
with the dark lines of tho solar spectrum. If he 
finds tliat every one of the conspicuous bright 
lines matches a conspicuous dark lino, ho oan be 
certain that tho substance exists a.s vapor in tho 
sun’.s atmosphere. 

In such comparisons jfliotography may bo most cffootivcly 
used instead of tho eye. The slit of the spectroscope is so 
arranged that either half of its length can bo used indopon- 
doutly. An impression of the solar spectrum is tlien obtained 
by a few seconds’ exposure to sunlight admitted through one 
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half of the slit, which is then closed, and the room darkened. 
Immediately afterwards light from an electric arc containing 
the vapor of metal to he tested is admitted through the other 
lialf for a sufficient time. The plate, when developed, will then 
show the two spectra side by side. Fig. 96 is a half-tone repro- 
duction, on a reduced scale, of a negative made by Professor 
Trowbridge in investigating the presence of iron in the sun. 
The lower half is part of the violet portion of the sun’s spectrum ' 
(showing daih lines as bright), and the upper half that of an elec- 
tric arc charged with tlie vapor of iron. Iii the original every 
line of the iron spectrum coincides exactly with a correlative in 
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the solar spectrum, though in tlie engraving some of the coinci- 
dences fail to be obvious. There are, of course, on the otlior 
hand, certain lines in the solar spectrum which do not lind any 
correlative in that of iron, being due to other elements. 

260, Elements known to exist in the Sun. — As the result of 
siioh comparisons, first made by Kirchhoff, but since repeated 
and greatly extended by late investigators, a largo number of 
our chemioal elements have been ascertained to exist in tho 
. solar atmosphere in the form of vapor, 

Professor Rowland in 1890 gave the following proUminary 
list of thirty-six whoso presence may be regarded as certainly 
established, and it is probable that further research ^vill add a 
number of others. The elements are arranged in the list accord- 
ing to the intG7isity of tlie dark lines by which they arc repre- 
sented in the solar spectrum ; the appended figures denote tho 


I'HE SUN 


227 


rank which each element would hold if the arrangement had 
been based on the number instead of the intensity of the lines. 
In the ease of iron the number exceeds two thousand. 


*Calcumi, 31, 

* Iron, 1. 

* Ilyclrogoij, 2 Q, 

■* Socliuin, 90. 
*Niclcc)l, 9. 

* MtignoHiuin, it), 

* Cobalt, fl, 
Silicon, 91. 
Alunnnuini, 95, 
Titanimn, a, 

* Clironiiiim, 5. 
*Mangaueso, «i. 


* Strontium, 9;t. 

* Vanadium, 8, 

* Barium, 2 .i, 

* Cariiou, 7, 
Scandium, 19 . 

* Yttrium, in. 
Zirconium, ». 
Molybdenum, 17. 
Lantlianum, m. 
Niobium, lo. 
Palladmm, is. 


Copper, ao, 

* Zinc, 99, 

* Cadmium, 96. 

* Cerium, lo. 
Gluoimim, .aa. 
Germanium, 39, 
llbodium, 97. 
Silver, 31 . 

Tin, 3‘1, 

Load, 35. 
Erbium, 98, 
Potassium, 30. 


Neodymium, 13 . 

All asterisk denotes that the linos of the demon t Indicated appear often or 
always as bright lines in the spectrum of the ohroinosplicro (Sec. 2C7), 


Helium was added in 1895, — peculiar in that it manifests its 
presence, not by dark Fraunhofer lines, but only by bright lines 
in the spectrum of the chromosphere. Certain observations of 
Rung6 on lines in the infra-rod poiition of the spectrum seem to 
indicate that oxygen should also bo included. 

It will be noticed that all the bodies named in the list, carbon 
and hydrogen alone excepted, are metals^ and that many of the 
most important terrestrial olemonts fail to appear; nitrogen, 
chlorine, bromine, iodine, sulpliur, phosphorus, and boron are 
all mis, sing, and oxygen givc.s only faint and as yet uncertain 
indications of Us presoiico. 

251, Unsafety of Negative Conclusions. — W o must be cautious, 
however, in drawing negative eonclusions, It continually liap- 
pons that when a mixture of gases or vapors is examined with 
the spectroscope, certain ones only can bo recognized; a.s long 
as those are present the others keep in hiding. Tluis the 
presence of argon in atmospheric air cannot bo detected by the 
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spectroscope until nearly all the oxygon and nitrogen have been 
removed ; and the other new gases of the atmosphere, krypton^ 
neon^ and Mnoii^ are still more difficult to deal with. 

It is quite conceivable also that tlie spectra of the missing 
elements may be, under solar conditions, so different from tboir 
spectra as presejited in our laboratories that we eainiot reeog'iiizo 
them j for it is now unquestionable that many siibstuiujos under 
different conditions give two or more widely different spectra, 
— nitrogen, for instance. 

Lockyer thinlcB it more probfible that th« niisHing siil)stniiceB <ivo unt 
truly “elementary,” but are deooinposed or “dissociated” by iiitcnacj bout, 
and BO caiipot exist on the sun, but are replaced by their aoinponuiita. 
He maintains, in fact, that none of onr so-called “clumontH” arc really 
elementary, but that all are decomposable and are to hoiiig extent aetually 
decomposed in the sun and stai's ; and .some of them by tlm (‘Icctric Hpuvk 
in onr own laboratories. . (iranting this, many interesting ami rcnnarkablo 
spectroscopic facts find easj" explanation. At the same time tlm hypotlui- 
sie is encumbered witli serious difficulties and has not yet been finally 
accepted by physicists and chemists. 

252. The Reversing Layer. — According to Kirehhoff’s theory, 
the dark lines are formed by the tiuiis mission of liglit einittod 
by tlie minute solid or liquid particles of which the pliotosplieric 
clouds are supposed to be formed, through somewhat cooler 
vapors containing the substances which we recognize in the 
solar spectrum. If this be so, the spectrum of tlio gasooua 
envelope, which by its absorption causes the duvk lines, slionld 
by itsdf show a spectrum of corresponding bright lines. 

The opportunities are rare when it is possible to obtain tlie 
spectrum of this gas stratum separate from that of the plioto- 
sphere ; but at the time of a total eclqjse, at the moment when 
the sun’s disk has just been obscured by the moon and tlie 
sun’s atmosphere is still visible beyond the moon’s limb, the 
observer ought to get this bright line spectrum, if his speotro* 
scope is carefully directed to tlie exact point of contact. 
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Tlie actual observation was first made during the Spanish 
eclipse of 1870. The lines of the solar spectrum, which up to 
the time of the final obscuration of the sun had remained darlc 
as usual (witli the exception of a few belonging to the spectrum 
of the chromosphere), were suddenly reversed, and the whole 
field of view was filled with brilliant colored lines, which flashed 
out quickly and then gradually faded away, disappearing in two 
or three seconds, — a most beautiful thing to see. 

The natural interpretation of this phenomenon is that the 
dark lines in the solar spectrum are, mainly at least, produced 
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by a very thin stmtum close down upon the photosphere, since 
the moon’s motion in throe seconds would cover a thickness 
of only about 800 miles. It was not possible, however, to bo 
certain from such a mere glaiice that all the dark lines of the 
solar spectrum were reversed. 

Snvtmil I'ai’tiftl coiillriiia turns of the ohsomition liavo since boon vhually 
obtainctl at eclipses, tliough none so coniploto as desirable; but tlio photo- 
graphs f)f the '< flash spoctruiii,” as it is now called, obtained diuJiig fclio Photo- 
recent eclipses of 1.80(1, 1808, 1000, tnid 1001, made with various forms of gniphs of 
tlio 0 prismatic camera ” (a camera of long focus, with a prism, a train 
of prisms, or a “grating” outside the object-glass), have fully corroborated 
it. Fig. 00 is a reproduction of one of the exquisite photographs of the 
flash Bpcctrmu obtained by Sir Norman Lookyev in Tmlia during the eclipse 
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of 18D8. The lines above (to the loft of IT ami K) avo in the iiiMh 
portion of the spectrum and are most of them duo to hydrogen. Until 
these permanent records of the phenomena ■\vero obtained tlnire was room 
to doubt whether the bright lines scon might not belong mainly to Ihii 
spectrum of the " chromosphere ” (See. 257), instead ol lanng revoraed 
Fraunhofer lines. 

Sir Norman Loekyer has never admitted the oxi.stenoe of any such M/n 
“reversing layer,” maintaining that a largo proportion of the dark lines 
are formed only in the regions of lower temperature, hiffh up in the nun s 
atmosphere, and not close to the photosphere, he., different lines of a given 
substance originate at very different elevations in the solar atinosphero, 

363. Sun-Spot Spectrum. — The spectrum of a sun-sjiofc diftors 
from the general solar spectrum, not only in its diminished 



Fid, 90a. — Portion of Sun-Spot Spootnuin 
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brightness, but in the great widening and intensification of cei^ 
tain dark lines and the thinning, and sometimes the reversal, 
of others, especially those of hydrogen and H and K of calcium, 
“the great twin brothers,” as Miss Clerko calls them, whioli 
are also conspicuous in the solar prominences, and, wo may 
remark in passing, are also always reversed in the spectrum of 
the facula3, appearing as thin bright lines running througli Oho 
center of the -wide, black, hazy-edged bands. The majority of 
the Fraunhofer lines are, liowever, as a rule, quite unaltei’ed; 
and ill the case of those substances which show widened linos 
in tlie spot spectrum, only a few of their lines are tiius affeoted. 

Some substances which are very inconspicuous in the ordinary 
solar spectrum become obtrusive in the sun-spot spectrum, — 
vanadium, for instance. Fig. 96 a is from a photograph of tlio 
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yellowish-green portion of a siin-spot spectrum and exhibits 
very well the leading characteristics. 

The general darkness of the spectrum of a sun-spot, in the 
green portion at least, a 2 )pears to be due to the 2 >resenco of 
myriads of tliin dark lines so closely packed, with here and 
there an interval, Jis to be resolvable only in instruments of high 
power. This indicates that the darkening is due, in pai't at 
least, to the almrptiou of liglit by tranBmmion ihfouyh vaporB>, 
rather than to a diminution of the emissive power of the surface 
from whicli the light comes. 

254, Displacement and Distortion of Lines. — Sometimes in 
the S 2 )ectrum of an active sun-spot or of a promineiicc eertain 
linos are di.splaced and broken, 
as .shown in Fig. 97. Tlie.se 
distortions can he exidaincd as 
duo to the swift motion towards 
or from the observer of the 
gaseous matter, which by its 
absorption 2 >roducos the lino 
ohserved. In tlio case illus- 
trated in the figure liydrogon 
was tlio substance, and its motion wa.g away from the earth at 
the rate of nearly 300 milv.B a sonond, 

Tlic general principle upon which the exifianatioii of such 
phenomona depends was first enunciated by the German physicist 
I)op 2 )ler in 1842, and has turned out to be one of extreme 
importance and wide application. It is tins : Whm thi dulmiec 
bt'Momi th>. ohm'ver and a body whioli is mnUtiny reyidar vibra- 
tions is inor rashly i thru tlin nnmbar of vibraUom rc-aaived in a 
siutond is droraased and thdr toave-Unyth^ real or viriuaU in 
(Uirrmyondinyly inor eased; and vine versa if the distance is 
decreasing, 

Tims, ill tlie case of recession, the pitch of an engine whistle 
.suddenly dro^w when a whistling' engine passes us and re cede, sj 
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and a liglit-ray {say the particular ray wliich prodiKu^s the C liim 
in the spectrum of hydrogen) has its wave-length and 

its refrangibility, which depends upon its wave-lung'll ^ dimin’^ 
Effector ishedf if the luminous object is recoding, so that tlui 0 Hue and 

poTitioa'or^ all the other hydrogen lines are shifted Uward the red end of the 
lines ill the spectrum. This effect of motion on the lines of the speetrum 
pointed out by Mzeau in 11848, so that in its astro-' 
aier-rizoau noiiiical application the principle is now usually ixifinTod to as 
in‘i ncipio. » D oppler-Fiz can” pri n ci pie . 

Fig, 98 illnstmtcs the pniiciple. Thu lowta* strip is a si null jductt of ihu 
yelloiiV portion of tlie spectrum of a star (iiiuiglmiry) which is vnjiiilly 
approaching the earth, the two conspicuous durk lines lieiug tlie 1)^^ and 1)^, 
lines of sodium. The upper strip is the corrospoiuling part of tlie speutruin 

of 11 llamu or ehustviu spark cini- 
tahung sodium vapor and show- 
ing its lines bright. 'I'ho Iwu 
spectra are eoiifnmted by a 
“eoiuparison prism ” (8eo, 24 1>). 
and it is obvious that tlio lines 
of the star speckuin are shifkd 
lowimls tlie blue end hy tdicuit 
one fourth of the distance between the D lines, i.t., hy about 1.5 unHs of 
wave-length on the Howland scale (tlio unit is one ten-inillioiitli of a iniilb 
meter). As the wave-length of Jl, is 589(1 units (nearly), it follows fr.nn 
the formula of the next article that the imaginary star must liavu been 
rushing towards ns at tlio rate of nearly 48 miles a second, — i.vtdty fnab 
hut several real stars are swifter. 

Formula 355. Formula of the Doppler-Fizeau Principle. While the 
Mouhetwcon tipoii whicli tliG pi'iuciplo i'uhIh is Hiuiplo, a gouortd 

the radial theoretical treatment for light-waves is din! oil It. 

lumiiioL^^ ^ demonstration of the formuhe given below, the reader 

object and referred to Frost a translation of Scheiiior*s A.sirono 7 )iiaat 
liHefllfu/ ^P^oi'f'oscopy, Part II, Chapter IT. 

speotrura. Fis the velocity of light (18fi3B0 miles a settond), r tlio 

speed with which the observer is recoding from tlio object, « 
the speed with which the sourco of light itsolf is reaedinpi X 
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the normal wave-length of the given lino in the speotmni, and 
the apparerd ^mve-length as affected by the two motions, 
we have the equation : 


V X 


r+s 
V- r' 


( 1 ) 


Subtracting X from both sides of the equation, we got 

or = ' (2) 

wliich holds for all velocities, great or sniiill. 

Since, however, in all ordinary eases r is insignificant as com- 
l^ared with F, it may be dropped in the denominator, and we have 

?' -f- s 
JT’ 

Finally, putting v for ?' + s, the total rate at which tlie distance 
between the object and the observer is increasing^ we have 
AX V ,, AX 


Ax - X X 


= , or V 


FX 


X F X 

which is the iisufil fornnrla employed in computing “motion in 
the line of sight” (or “radial velocity,” as it is now usually 
called) from observations of the shift of linos in the spectrum. 
Wlion the distance” is decreasing, v becomes negative, and 
also AX, indicating a diminution of wave-length and a cor- 
responding shifting of the lino towards the blue end of the 
spectrum. At present motions of less than half a mile per 
second can he detected by the spectroscopes which are used in 
studying stellar spectra. 

266, Other Causes of Displacement of Spectrum Lines. — It 
has been recently (1895) discovered by Humplireys and I^lohlor 
at Baltimore tliat the positioir of a lino in the spectrum of a 
luminous vapor may also he shifted iu a somewhat similar 
manner toivards the red by gi’oat increase of pressure, — a 
pressure of 180 pounds to the square inch producing as great 
a displacement as a receding rate of some 2 miles a second ; 
but the shift varies for different lines in tlio speotrum and does 
not follow tlio same la'w as iu the case of motion. 
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In 1900 Professor Julius of Utrecht clomonstrated how an 
apparent shift of spectrum lines may also follow from what is 
called “anomalous refraction” in the sun’s atmosphere near 
sun-spots and solar prominences 5 and Mioholson iii a still inoro 
recent paper shows how rapid elianges of demily in tJie niodiuni 
through which light comes to us may ])r()diKJe similar effects. 
It is quite possible, tliercfore, that some of the idienoinona wliioli 
have hitherto been explained on the Doppler-Fizeau })rinoi|)lo 
as indicating tremendous velocities of moving matter may, on 
further examination, receive a difCerout inter] n'otation. 

257, The Chromosphere and Prominences. — OuUido the photo- 
Thoehrotno- Sphere lies the chmnospherey of whioli the lower atmosphere, or 
sphere. « reyei^ging layer,” is only the densest and hotte.st portion, This 
chromosphere, or “ color sphere,” is so called bocaiiHo it is bril- 
liantly scarlet, owing the color to hydrogen, wliicjh is its maiii, 
or at least its most conspicuous, constituent, Tho s])octroscopo 
shows it to be principally composed of hydrogen, helium, and 
calcium vapor. In structure it is like a sheet of flame over- 
lying the surface of the photosphero to a deptli of from hOOO to 
10000 miles, and as seen through the tolosoopo at a total colipso 
of the sun has been aptly described ns like “ n jirairUj on firo,” * 
At such a time, after the sun is fairly liiddon by the moon, a 
number of scarlet star-like objools arc usually seen Ijlazing like 
rubies upon the contour of the moon’s disk, fix the tolosoopo they 
look like fiery clouds of varying form and size, niul, ns wo now 
know, they are projections from the ohromosplun'o, or isolatod 
Tha piomi- clouds of ohromosplierio material, I'hoy wore called prominences 
protiiijer- Or as a sort oi non-coramittul iiaino^ while it was 

anoea. Still Uncertain whether they wore appendages of the sun or of 
the moon. 

Inhere Is, howovor, no real hurninff in tlio ciisn, ^.o., im chemical combina- 
tion ffoiny on between the hydrogen and some othei' eleinonl like oxygom Tho 
hydrogen la too hot to hiini in this sonao, iho IcinDcraturo <it tlio aolav siirXneo 
being above that of disaoclaltoni — ho higli that any compuuiid oonlalttlng 
' hydrogen ^YOuld there bo decomiDOSod. 
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They were first proved to be solar during the eclix^se of 1860, 
by means of photographs -whicli siiowed tliat the moon’s disk 
moved over them as it passed across the sun. Fig. 99 is from 
a photograph of the eclipse of April, 1898, by Schaeberle. 

Their real iiatnre as clouds of incandescent ga^ was first 
revealed by the .spectroscope in 1868, during the Indian oolipse 
of that year. On 
that occasion nii- 
ineron.s observers 
recognized in 
their spectrum the 
bright lines of hy- 
drogen along with 
anotlier conspion- 
ons yellow line, 
at first wrongly at- 
tributed to sodium 
but afterwards to 
a hypothetical 
element then un- 
known in our lab- 
oratories. and pro- 
visionally named 
“helium,” its yel- 
low lino being known as 1)^ (D^ and being the mdium linos 
which lie close by). 

Tltdiuiu -wUH iliiscovornrt as a toiTostrial clomfliii; in April, 18913, i)y Dr. 
UaiJisay, onu of tlio (liscovoi'rrs of arf^oii, Tn examining the spootrum of 
the gas extracted from a specimen of cl ev cite, a speoieB of pitoh-bloiulo, ho 
found the cliaructnvistic Dq lino along with certain other unidentified lines 
which appear in tlio Hi)ectrum of the oliromosphcro and prominonooB. The 
anmo gas Iuih since been fnnnd in a nuinbor of othor minernls andininoval 
wnterH and also in meteorw iron. Its density turns out to bo about double 
tliat of hytlrngen, but le.w thnn that of any other knoion element ^ and it resists 
liijuofantiou nioro stubbornly than any other gas, — indood, it is the only 



'I'helv gas- 
eous COll- 
stitiUifli) >lc- 
n«tnst rated 
by H»o spec* 
troscope in 
1808 . 


The UloiitiJl- 
(!Atl 011 of 
lialiiun tis a 
tovvosU’bil 
olomoiit. 


236 


MANUAL OF AS'I'KONOJIY 


one not yet subdued, excepting possibly some of the new guses (neon, etc.) 
not yet obtained in sufficient quantity to permit investigation on this line. 
Chemically, it -is extremely inert, refusing to enter into combination with 
other elements (as hydrogen doe.s so freely), and therefore exists on the earth 
only in minute (juantities, It seems, howtwer, to be almndaut in certain 
stars and nebula), whore its liiie.s are coiis[)icuonH along with tlioso of 
hydrogen. The Dg line is not the only helium line, hut the ehromosphere 
spectrum contains at least three others that are always ohservuhle, l)oside.s 
a dozen or more that occasionally make their aiqxiaranee. 

The II land K lines of calcium are also, like those of liydrogen and 
helium, ahvai/s present n.s hrif/hl lines in tlio chromosphere*, and several 
himdved lines of the spectra of iron, stj'outiiim, magne.siuin, sodium, etc., 

liavc been observed in it now 
and then, Fig, 100 shows the 
appearance of the calcium 
lines in the chromosphere spec- 
trum, and also the hydrogen 
lino (He), whieh is close to 
the H line, ns well ns to 
the loft of K, 


268, The Prominences 
and Chromosphere observ- 
able at Any Time with 
the Spectroscope. — Dur- 
ing tliG eclipse of 1868 Janssen was so struck with tlio bright- 
ness of the hydrogen linos in the spectrum of tlio iirominonces 
that lie believed it possible to observe them in full dayliglit, and 
the next day he found it to he so. Ho also found that by a 
proper management of Ins instrument ho could make out the 
forms and structure of the prominences whieh ho had seen 
the day before during the oolipse, Lockyer, in England, a few 
days later, but quite independoiitly, made tlie same discovery 
and ascertained that the prominences were mere extensions 
from a hydrogen envelope completely suiTounding the sun, and 
it was ho who gave to this envelope the now familiar name of 
chromosphere.” His name is always, and justly, associated 
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with that of Janssen as a co-disco vorer, , A little later Huggins 
showed tliat by simply opening the slit of the spectroscope the 
form and structure of the prominence, if not too large, could 
be observed as a whole, and not merely by piecemeal as before. 
Within the last few years it lias become possible even to 
tograi^h them by an instrument called a Spectrohaliografli, 

259, How the Spectroscope enables tis to see the Chromosphere 
and Prominences without an Eclipse. — The reason why we can- 
not see them by simply screening off the sun’s dfsk is that 
the brilliant illumination of our own atmosphere near the sun 
drowns them out, as daylight does the stars. 

When wo point the tele spectroscope so that the sun’s image 
falls as shown in Fig. 1.01, with its 
limb just tangent to tlio edge of the 
slit, then, if there be a prominence at 
that point, wo shall get two overlying 
spectra: one, the .spootruin of the illu- 
minated air; the other, superposed upon 
tins baelcground, is that of the promi- 
neiie'G itself. Now the latter is a spec- loi, — Spcfitroscopo Slit 

trum consisting of bright lines, or, if of the Promiuonccs 
the slit be opened a little, of h'iglit 

imageB of whatever part of tlio prominence may fall between 
tlie jaws of the slit, and the brightneBs of time lines or images 
in independent of the disp(t7'sive power of the speelroBaopie > 
increase of dispension merely sets the images farther apart, with- 
out making them fain tin* (except as Tight is lost by the trans- 
mission through a greater numlx'r of prisms), The spectrum of 
the aerial illumination, on tlio other liand, is that of sunliglit, — 
a oontinuouB speatnem showing the usual Frauiiliiofor lines; and 
this spoetrum is made faint by great dhperHion, Moreover, it 
pre,sents dark lines or spaces Just at the very places in tlio 
.spectrum wlioru tlm brig] it image.s of the prominences fall. 
They therefore become easily visible, 
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A gniting oJ! oi’dinavy poM'fiv attuched to a tolescnjie of no anore than 
2 01’ d inches aporture gives u very satisfactory view of those lioaiitiful 
anti intoi’GStiiig olvjects, The red image, which corresponds to the C line 
of liytlrogon, is by far the best for visual observations. Whon the instru- 
inont is properly adjusted, tho slit sliglitly opened, and the iniagts of 
the sun’s limb brought exactly to its edge, tho observer at the eyepiece 
of tlm speotrosecjpB will seo tilings about as wo have attempted to represent 
tlioni in Uig. loa, — as if he were looking at the clouds in an evening sky 
from across tlic rnoin throiigli a slightly opened window blind. 

360. Different Kinds of Prominences. — Tho prominences may 
1)0 broadly divided into two classes, — the “ qniescent” or “dif- 
fnse,*’' find tiro “eruptive” or, as Secchi calls thorn, the “metal- 
lic,” bcoamsG they show in 
their spectrum the lines of 
many of the metals in addi- 
tion to the lines of hydrogen, 
helium, and calcium. 

The Qu{esce7it J^rominenoes 
are immense clouds, often 
from 60000 to 100000 miles 
ill height and of correspond- 
ing horizontal dimensions, 
either resting directly upon 
the chromo.sphei’o us a base, 
or oonnoeted witli it by stems 
and columns, as shown in 
Fig. lOB yi, though in some 
cases tlioy appear to be entirely detached. They are not very 
brilliant and ordinarily show no lines in their spectrum except 
those of hydrogen and helium and H and K of calcium (which 
arc often doubly reversed, as si i own in Fig. 100) ; nor are 
tlioir changes usually rapid, but they often conthiue sensibly 
unaltered soinetimes for da 3 '’s together, z.e,, as long as they 
roniain in sight in passing around the limb of the sun. All 
tlieir forms and behavior indicate that, like the clouds in our 
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owix atmosphere, the}'- exist, and float, not in a vacuum, but in 
a medium having a density comparable Avitb tlieir oavu, though 
not giving hright lines in its speetrunh and for that reason not 
visible in the spectroscope. They are found on all portions of 
the smi*s disk, not being confined to the snn-spot zones. 

The JUruptive Prominenaes^ on the other hand, appear only Kruptlvo, or 
in the spot zones, and as a rule in connection with active spots, 

Their spectrum usually contains the bright lines of various houcos 
metals, magnesium and iron being especially conspiouous, and 


sodium not infrequent. They origi- 
nate not in the spots themselves, but 
in the disturbed faculous region just 
outside. Ordinarily they are not very 
large, though very brilliant; but at 
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times they become enormous, in one instance under the writer’s 
own observation reaching an elevation of more than 400000 
miles. They are most fascinating objects to watch, on account 
of the rapidity of their changes. Sometimes the actual motion of iiiiplrti(.y oi 
their filaments can be perceived directly, like that of the minute- “tnngd. 
hand of a clock, and this implies a velocity of at least 250 miles 
a second in tlie moving mass. In snch cases the lines of the 
spectrum are also, of course, greatly displaced and distorted. 


Fig. 1011 vopresonta a proininenco of tins sort at two timos, separated by 
an interval of throe (piavtovs of an hour, Tho large quiescent proniinoiico 
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of Fig, A was completely blown to pieces, ns sliowu in /J, by tlio “explo- 
sion,’* as it may be fairly called, which occurred beneath i t, — the first case in 
which such a phenomenon was actually observed. See also Fig. lOd, show- 
ing successive stages of an eruptive prominence photographed at Professor 
Hale’s private observatory in 1895. A considerable niimbor of similar 
occurrences liave been r(3Corded by various observers during the last thirty 
years, but they are by no means every-day affairs. 

The number of prominences of both kinds visible at one time on the 
circumference of tlie sun’s disk ranges froiii one or two to twenty-hve or 
thirty ; tlie eruptive prominences being numerous only near the times of 
sun-spob inuximum. 

261. Photography of Prominences; the Spectrohellograph. — 
It is but not very satisfactory, to photograph a small 
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prominence by the same arrangement as for visual observation, 
merely putting a sensitive plate at the focus of the “view- 
telescope ” (See. 244), using the F line of tlie spectrum, or, 
better, the K line, instead of the red 0, whioh requires too 
long an exposure. 

A nnich better plan is to use a “ spectroheliograph,” — inde- 
pendently devised by Professor Hale of Chicago and Deslandres 
of Paris. A detailed description ivould take too much space, 
bub tlie essential feature is a narrow slit moving in front of the 
sensitive plate in exact accordance Avith the motion of the 
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collimator slit ; so that as the latter is moved, across tlie imago of 
the prominence, while the latter moves before the plate, the 
bright K line of each portion of tlie prominence shines through 
upon the plate and so photographs the object in sections^ by its 
“ IC-light,” if the ex- 
pression may be 
allowed. 

Fig. lOl- is from a nega- 
tive thus made at Pro- 
fessor Halo’s private 
Kemvood observatory on 
March 26, 1895, with 
tho then newly invented 
spectroheliograph, — tliree 
exposures on an ascend- 
ing prominence at inter- 
vals of eight and eighteen 
minutes. Piu'ing this time 
the lieight of tho promi- 
nence increased from 
18.5000 miles to. 281000. Fia. 104 a, — Spoctroliollogrnm of Entire Sun 
• Fig. 104 A exhibits the After iiaic 

whole sun vdth its spots. 

and faculse and the snrroniidiiig chromosphore, — made by the same in- 
strument. A screen covers the sun’s image while the ohroinosiJhere and 
prominences are first photographed by a slow motion of the slit, and then, 
the screen being removed, the slit is drawn back rapidly across the sun’s 
image, thus producing the pictiu’e of tlie solar surface. 

262. The Corona. — The corona is a halo or glory of light whicli 
auri'ouncls the sun at the time of a total eclipse and lias been 
known from remote antiquity as one of the most beautiful and 
impressive of all natural phenomena. The portion near the 
sun is dazzlingly bright and of a pearly tinge, which contrasts 
finely with the scarlet prominences. It is made up of filaments 
and rays which, roughly speaking, diverge radially, but are 
strangely curved and intertwined. At a little distance from 
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tlie edge of the sun the light becomes more diffuse, and tUo 
outer boundaiy of the corona is not very well defined, though 
certain dark rifts extend through it clear to the sun’s surfaeo. 

Often the filaments are longest in the sun-spot zones, giving 
the corona a roughly {[uadrangular form. fi?his seems to ho 



Fig. lot). — Corona of 1871 
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Specially the case in eclipses which occur near the time of a 
sun-spot maximum. In eclipses which occur near the sun-spot 
minimv/nii on the other hand, the eq^uatorial rays pi’edoniinate, 
forming streamers, sometimes fan-like and sometimes pointed, 
extending several millions of miles from the solar surface, 
Near the poles of the sun there are usually tufts of sharply 
defined threads of light, wliich curve both ways from the pole. 
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The corona varies greatly in brightness at different eclipses, 
according to the apparent diameter of the moon at the time, 
and with the sun-spot period. Its total light is always at least 
two or three times as great as that of the full moon. 

Drawings and Photographs of the Corona. — There is very great difTi- 
cnlty in getting accurate representations of this phenomenon. The two 
or three minutes during v'hich only it is usually visible at any given 
eclipse do not allow time for trustwortliy hand-work ; at any rate, draw- 
ings of the same corona made oven by good artists, sitting side by aide, 



Pm, 10(5. — Corona of Eellpso o£ lOOO, Wndosboro, N.C. 


differ very much, — sometimes ridiculously. Pliotographs are better, .so 
far as they go, but hitherto they have not aucceoded in bringing out 
many details of the phenomenon whioli are easily visible to tlm eye j nor 
do the pictures whioh show well the outer portions of the corona generally 
bring out the details near the suii‘s limb, though an ingenious device of 
Burokhaltor, which, by a whirling screen of peculiar form iu front of the 
sensitive plate, gives a much longer exposure to the outer regions than to 
tlm parts near the sun, has greatly imjDrovod the results, 

Tig. lOo is copied from an engraving made by combining several photo- 
graphs of the eclipse of 1871. Fig. 100 is reduced from a drawing 
by Wesley of the corona of the eolipso of May, 1900, made from a 
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combination of the ftketohes and pliolograi»bs obtaijuul by the mombors of 
the various eclipse parties of the liritish Astronoinicnl A&sooiation. It is 
an admirable lopresenlalion of ^Yhat Uio writer saw at Wadesboro, 2f.C., 
except that the curved wings on the west and tho long, pointed, onstern 
streamer could all be traced innch farthor by tho eye, — to a distance fully 
three and a half times the moon’s diameter, or at least 8 000000 niilos. 

263. Spectrum of the Corona. — Tho characteristic featura of 
the visual spectrum is a bright green line wliicli lies very nenl•^ 
and was long supposed to bo tho “ rover, sal ” of» a dark lino in 
the solar spectrum, — known as the “1474 lino,” hocauso its 
position is at 1474 on the scale of KirchhofC's map of tho spoC' 
trum, generally used in 1869, when tho coi’oiia lino was first 
discovered. This identification, for which tho writer was 
mainly responsible, turns out, however, to be erroneous, the 
wave-length of “1474” being about 6317 on Rowland’s scale, 
while the wave-length of the real corona line, as first discovoiocl' 
from the photographs in 1898 (and since confirmed), is 6304. 

The “1474” line (probably of iron) is always iDresont iib 
the chromosphere spectrum as a bright line, and at an eolips|0 
when the corona first appears it is nnich tho brightest lino ill 
the green part of the spectrum j but, as avo now know, it fades 
out shortly, while the true corona line, whicli i.s mucli fainter, 
remains, of course, visible through the wliolo tolalil 3 ^ ' 

The unknown substance which produces this corona lino has. 
been provisionally named “coronium,” just as “helium” wa? 
named twenty-seven years before it was identified as a toiTosi* 
trial element. It is probably a gas of extromoly low density, 
perhaps even lighter than hydrogen. . i 

Besides this conspicuous green lino there are several otboiB, 1 
— five at least and probably more, — all in tho violet or itUran : 
violet, all probably due to tho same substance, and showiiig'Si;. 
like the principal line, but much more faintly, as rings oli'i 
photograplis made by the prisraatio camera cliiriiig tlio rocplit^' 
eclipses. 
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Tho hydrogen and helium lines, and H and K of oalciuin, 
have also heeu photograxjhed as hrighb lines during eclipses and 
attributed to the corona 5 tho later observations i)rovo, however, 
that they are not really coronal, but arc due to roliection (in our 
own atmosphere) of light coming from the ohi’omosi)here and 
prominences. 

Tlie light of the corona is distinctly polarized t on one or 
two occasions observers have also reported in its visual spec- 
trum the presence of dark Fraunhofer linos, and these have now 
at last been successfully j)botograi)bed by the Lick observers 
during the Sumatra eclipse of 1901. The corona therefore 
unquestionably contains some matter which reflects sunlight. 

264. Nature of the Corona. — Tlio corona is proved to be a 
true solar ax)pendage and not a mere optical phenomenon, nor 
due to either the atmosphere of the earth or moon, by two 
unquestionable facts; first, its spectrum as described above is 
not that of mere reflected sunlight, but of a glowing gas; 
and second, photographs of the corojia made at widely different 
stations on the track of an eolipso slimv, in the main, details 
that are identical as seen at stations thousands of miles apart, 
and exhibit the motion of tho moon across tho coronal filaments, 
111 a sense, then, the corona is a phenomenon of tho sun’s 
atmosphere, though this solar “ atmosxihero ” is very far from 
bearing to tho sun the same relations that are borne towards tho 
earth by tho air. Tho corona is not a simple spherical envelope 
of gas comparatively at rest and held in equilibrium by gravity, 
but other forces than gravity arc dominant in it, and matter 
that is not gaseous iirobably abounds. 

Its phenomena are not yet satisfactorily explained and remind 
ns, far more of auroral streamers and comets’ tails than of any- 
thing that occurs in tho lower regions of our terrestrial 
ntmosiiliore. Indeed, there arc many features which warrant 
something more than a mere suspicion that it is more or loss 
analogous to Uoentgeii and cathode rays, due, as Professor 
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Bigelow suggests, to ions driven otf Croni the mole(3iiloH of tlio 
solar gases and controlled in their motions by eloetrie mul 
magnetic forces emanating from the sun. (See also See. .602.) 

That the corona is composed of matter uxeossivoly ravel uni 
is shown by the fact Unit in a number of caiuss eoinets are 
known to have passed directly througli it (as, lor instaiuio, in 
1882) without tho slightest perceptible disturbance or retarda- 
tion of their motion, Its mean density must, thoreforo, ho 
almost inconceivably less than that of the host vaeuuin wo are 
able to make by artificial means. 

Niiineroiis attempts have boon made to liiul a way of tlm 

corona without an eclip8(!, l)nt thus far without any cortain result, '!’hi' 
spectroscopic method, which succoods with tlai clinimosphoro and promi- 
nences, fails with the corona, hooauao tlio lines of its spectrum are not 
bright enough; and, moreover, thero ar<!, in the ordinary solar spectrum, no 
diirlc lines to match tliom and help in forming a hackgrouml. Pmiher- 
moro, since tho streamers of the corona are probably not (mtiroly gasemis, 
but partly of dust-like constitution (giving, tlioreforo, tlie spectriini of 
reflected sunlight), they at least would not ho ohstirvahle by this iuot]unl. 


iT-iE SUN'S Liniur and iikai' 

266. The Sun’s Light, — By photometric mctliods 
p. 828) we oiui compare tlio sun’s light with that of a slaiuhird 
candle” [Physics^ p, 827), and we find tliat the sun gives uk 
1676 billions of billions (1676 X lO^-*) times as much light as a 
standard candle would give at that distance. 

Experiment shows that when tho sun ia overhead sunlight 
illuminates a white surface about 66000 times as brightly a-s a 
standard candle at one meter distance, or certainly not loss than 
70000 times, if wo allow for the absorption of sunlight in opi* 
air. Multiplying this 70000 by the square of the sun’s distaiujo 
in meters (16 X 10i0)2, we get the sun’s “can dlo-powor” m 
stated above. But the determination cannot claim any minute 
acouraoypJiQause of the continual variations iii the purity of 




our atmosphere and the cliffioulty in determining the losses oC 
the sunlight before it reachexS tlie pliotometric sci’ecn. 

The liglit received from the sun is about 600000 times that Sunlight 
of the moon, about 7000 000000 times that of Sirius, the 
brightest of the fixed stars, and about 60000 000000 times that n-om otiior 
of Y ega or Arcturus. hodio-s. 

Tlie intmdty of sunlight is tlie amount of light emitted by 
oacli square unit of its surface, — a very different matter from 
its total quantity. From the best data at present obtainable 
(only ra tiler rough approximations aro possible) the sun’s 
surface appears to be about 1.90000 times as bright as a intonalty<>f 
candle flame, and about 150 times as bright as the calcinin 
light. The hriglitest xiart of the eloctrio arc-light — its “ orator” 

— comes nearer to the brilliance of the solar surfaoe than 
anything else ivo know of, being from one half to one fourth os 
bright. 

266. Relative Brightness of Different Parts of the Sun’s 
Disk. — As already stated (Sec. 288), the sun’s disk is hriglitest 
at the center, but the variation is very slight until near tlie iiavkoiUug 
edge, where tlie brightness falls off very rapidly, so tliat at the 
limb itself it is not more than one third of tho briglitiiess at niulwotU- 
the center. The color is modified also, verging towards ohooo- 
late, because tho blue and violet rays are much more affected 
than the red and yellow; this is tlie reason why the darkening 
at the liml) of the sun is so, much more conspicuous in the 
ijliotograplis than in the telescope. 

Tho darkening is unquestionably due to the general absorp- 
tion of liglit by tho lower parts of tho sun’s atmosphere, though Tho s«n 

it is difficult to dotonnino iust how much the sun’s brightness ‘'f 

V ^ Its 

is diminished by it. Different estimates vary considei'ably, but pi,ovo 

aooording to .Daiigley, if the sun’s atmosphere wore removed, we 

should receive from two to five times as muoh light as now, and, 

moreover, its tint would be strongly Uue^ more blue oven tliaii i«‘iiHnnt. 

that of an oleotrio arc. 
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267. The Quantity of Solar Heat ; the Solar Constant. 7'//* 

hoIhv i‘i>nsl Kill IH (Jti' uHiiiht'i* of Ju'itl-ioiilH fi'liloli f( Htunii'f ni/lf m/' 
(Ii<‘ <'((}’/ ffti Huv/itocy unjtvofocfiul III/ (diif <tl itioaiiht'i'o, out/ 
ptn'/n'iidiruha'l// io tho hihi'h raf/n, inot/il ori'i'loi' in <t unit ttf tinn'. 
(It is a souuuvliat (limhlful asNiuujilioii ihat this ijUimtil\ is 
n*iiUy “iionstaut" iindiu’ all Ilia aliaii^iii^*' laimliliujiH t>l' iha 
solar s3'HLoni5 lail if nol, (ho I’luil lias imt ^'nl- lii*on sliowii li\ 
ohsorvation.) 'Pho lioalruiiil, most usoil at jirosoiit, ))\' oiijLjhu'ois 
atloast, is tho oalorii, wliioh is l,ho aimmnl, of lu’id ivipiiroil to 
raiso tho lomporaiuro of ono kilognmi of wnlor I” ( h A smallm' 
unit, only part as ^roal, is muoli used in soimililto \v*nK, 
suhstltuliii^ in tlui (loiiiiilion w iji'nin of walor for (hi* kilo^p'atit. 
'Pliis huaUinil is (sallod (,ho “small calory,” - it mi^dit jicrlmps 
ho namod Llio “oalorotto.” 

As tho roHult of tho host ohscvvatioim llms far made, it is 
found iliat th(‘ i^oinv i’(>)tH(nnt is hol.wiam twonly'-dvo am) tldrtv 
myituWs m/m-iVa [lor Hiiunir motor por minnto, or n.O “ojilo 
roilos” ]ior .sipuiro oontimotor per miuutc.i 

III what follows ivi* shall iiso !l() as tho sohir coimlant, 
alihoujfh Sohoiuor in sols it slill In^du-r,. at 4(1. 'Plm 
dii'foroul dolormhiaiionH, sinoo (Jait lirst mado hy IN mi I lot and 
llorsuhol ill 1888, miig'o all the way from Ml (o 4(1, an indicu' 
lion of tho oxtroino diinoulty of tho suhjoid-. At the earl IPs 
siirfauo a squaro motor soldom auiually roocivos mure tliim 
llftoon oalorioH in a miimto, fully (Uty )‘)or emit hmn^ lost, or 
divoi’tod, ill its jiaHsajro through tho atmosjihoro. 

268, Method of determining the Solar Constant. 'I'lm iiriiich 
plo is simplo, though tho praotical dillhmUi as avo vorv groat, 
and so far Iiavo jirovGutocl any lugli dogroo of aoouraay.* 

The dotormimition is mado hyadwiUinf/ a brnm of Hnitli(//.t, of 


^ 'Pliaro woalcl i)o aoino advaaiago In BtaUng Ihn Holav coafiiant oi, tl«« f t.tt H 

fi! ^ AreordlDH 

to ihl8, tlio flo lU' ooiimivnt equals 0.050 a;G,S., or of a “oalorotto “ m-olvoil 
oil a sauavo oonMauftor la ono mmcl. wi^ioioao, m Piu«l 



knotvn eroHH-fieaUon^ to fall upon a Icnoiou quaniUy of water., for 
a knotvn time^ and mmmring the. eonwqiumt rim of Umperaturc. 

It is necossary, lu iwevijr, to (loteriiiino and allow for all lioat 
lost by the apparatus during the experiment or reecived from 
other sourees, and especially to take into account tlie cl'feofc of 
atmospheric absorption. This is the most diHicult and 1111001 '- 
taiu part of the operation, since the absorption is oontiniially 
changing, ■ — capri(!iously witli the meteorological conditions, and 
regularly with the changing altitude of the sun. 

It .shoulfl 1)0 noted that the rays absorbed by tlio atiuospliore, 
though divei'tcd from the instruimnit winch is endeuvoring to 
measure their amount, are not lout to the earth, d'lui air is 
illuminated and wanned by them, and the earth gets the l)oiu)- 
ht of the eifcct at second hand, so to speak. 

For II (loafiripfcion ot tho pyrlioliomRtor and natiiumiotor, -with whioli tlio 
IionI; rftfliiitiou ia nieitsuvod, and of tlin boloiiioUa’, ^v^tll wlnoli the pnrocnfc- 
ago of ]<m ia doUii'iiiiiKid for riiya of difforiiig wav('.-l('.iigtli, tho stiidejit ia 
rob'iTod to tln! dnmrdl Ai'ts. 

269. The Solar Heat at the Earth^s Surface expressed in Terms 
of Melting Ice. — Since it requires 7i)l calories of lieat to molt 
a kilogram of iee with a specific gravity of 0.1)2, it follows that, 
taking the solar constant at 30, the licat received from a vorti- 
cal sun would molt in an hour a slice t of ice 24.7 mill ii no tors, 
or very nearly an iiieli, in thickness. From tliis it Is euaily 
computed that the amount of heat reoeivotl by tho earth from 
tho sun in a year is sufficient to melt a shell of ico 22r) hsot 
tiiiek on tlie earth’s equator, or 1.77 feet over the oartlfs entire 
surface, if the licat wore equally distributed over all latitudos, 

270, Solar Heat expressed as Energy. — Since according to 
the known value of the “mechanical equivalent of Imal” 
(P%8iV«, p. 175) a hnrso-))owcr (33000 foot-pounds per minute) 
can easily he sliown to bo equivalent to about 10.7 etilorics per 
minute, it follows that eacli Hipiarc motor of tlic (earth’s Hiirfiusc 
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perpendicular to the sun’s rays ought to roeoivo about 2.8 horse- 
power continuously, Atmospheric absorption cuts tliis down to 
about If horse-power, of which about one eight! i cun bo rcuU'/.cd 
by a suitable machine, such as Ericsson’s solar engine (Eig. 107), 
which for several years was exhibited annually in New York. 

Tlte solai' heat was conowitratnd hy tlio lurgo rollootor, IS feet in diaiiU!- 
tor, upon tlio hoUe.}\ wliioli \Ya.s a 0-incli iron ( uho. A <♦ head ” at t'lin uppoi* 
cud (romoYod -whon tlio photograph was takoii) roco.ivod the Htiiaiu, and a 

])ipo (ioiniootcd it with 
the l:-li(ii'mi«))(iw»ir on- 
ginc shown undcr- 
noivtli, IV lain the Him 
Hhune it wovlcod wall. 

The energy an- 
nually reooived 
from the suii by Ihu 
wliule of the earth ’s 
surface iiggregatos 
nearly 100 mile- 
ton .s to ea(jb square 
foot. That is, the 
average amount of 
beat annually ro- 
coivod by oaoli 
square foot of the 
earth’s surface, if utilized in a theoretically perfect lioat engine, 
^YOllld hoist nearly 100 tons to the height of a mile, 

271. Solar Radiation at the Sun’s Surface, — If now wo esti- 
mate the amount of racliation at the sun’s surface itself, wo 
come to results which are simply amazing. Wo must multiply 
the solar constant observed at the earth by the iqxiara of tbo 
ratio between 98 000000 miles (the earth’s distance from tlio 
sun) and 488260 (the radius of tho sun). This square is about 
. 46000. In other words; the anibuiit of heat emitted in minute 
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by a square meter of the sun’s surface is about 4000 0 times as 
great as that received by a square meter at the earth. Carrying 
out the figures, wo find that this heat radiation at the sun’s 
surface amounts to 1 4 OOOOO calories per square meter per 
minute; that if the sun were frozen over comp>letehj^ to a depth of 
OJf. feeti the heat emitted would melt the shell in one minute; 
tliat if a bridge of ice could be formed from the earth to the 
.sun by a column of ice 2-^ miles square and 93 000000 long, 
and if in some way the entire solar radiation eould be conoen- 
trated upon it, it would bo melted in one. second, and in seven 
more would be dissipated in vapor. 

Expressing it as (mergy, wo find that the solar radiation is 
nearly 130000 horsc-qmioe.r continuously for each square meter of 
the sun’s surface. 

So far as we can see, only a minute fraction of the whole 
radiation over reaches a resting place. The earth intercepts 
about jiToTTWoTo (h other planets of the soliir system 

receive in all perhap.s from ten to twenty times as much. Some- 
thing like To o~(roTb‘crfl utili'/.ed within the limits of 

tlie solar system, As for the rest, seienco caiinot yet give any 
certain accoinit of it. 

All the conclusions stated in the two preceding sections are 
based on the assumption that the sun radiates heat in all directions 
alilce, whether tlie rays do or do not meet a material surface. 
No reason can be assigned why this as.sumption should not bo 
true, but it cannot be said to be proved as yet, either by experi- 
ment or by the nature of the case. If it should ever bo shown 
to bo incorrect, certain difficulties in the theory of planetary 
evolution would bo greatly mitigated. 

372, The Suii^s Temperature; Effective Temperature — As 
to the temperature of the sun’.s surface wo have no exact knowl- 
edge, except that it must bo Irighor than any artificial heat 
which we are able to produce. Indeed, it is only “ by courtesy,” 
so to speak, that the sun can be said to have a temperature. 
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since the temperature at different eluvatiims uUnve and iHUieath 
the surface must differ enormously; noi', prohahly, is it tlui 
same in a sun-spot as in tiio fueuUe, tliougli wo note in piissiiijjf 
that observations indicate iio systematic difforeiico depending 
on position upon the sun’s surface, i.c., on solar latitude ami 
longitude. 

When we speak of the tempeiutnrc of the sun wo mean 
what is called the “effective temperature,” nr,, tlui tempoiuturc 
that a surface of ntandard radiatiiqf jiower (hun[)hhu!]c is tlio 
standard) would require in order to radiate boat at the sanio 
rate as the sun. If the actual surface of the nun lias a radiat- 
ing power inferior to that of the standard, as is probiihly the 
case, then the actual mean temperature must ix! liighor than 
the effective, and vwa verm. 


If we knew absolutely the law which conneots tlio riidiatioii 
rate of a surface with its temperature, wo could oonqmto tho 
effective temperature from the solar constant. 

If we accept as correct Stefan’s Law, whicli is borne out by 
the most trustworthy recent laboratory work, vi'/.., tliat the rate 
of radiation is proportional to the fouvUt powet of tlu^ ahHidufv 


Tho burning 
Ions. 


temperature^ the sun’s “effective temperatui’e” eoincs out about 
7000® C. or 12000° F. 

I he highest temperatures artilicially obtained in tlie eleetrio 
arc are in the neighborhood of 4000° C. 

The assumption of various other laws of radiation lias led to 
a ridiculously wide range of computed solai' temperatures, all 
the way from 1500° C., by Pouillet, to tho milllous of Secohi 
and Ericsson. And the result, as stated above, is doubtful by 
at least 500° C, •'.i-li/i--; 

373, The Burning Lens. — A most impressive domonstmtiou 
ol the intensity of .the arm’s hent lies in tlio foot th (it in tho 
foouB of a powerful buming lens all known subatnnoos molt and 
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vnpomu. Now iit tlu} of a l(jns ih>. tiitwparniare cmi itrvcr 

more than equal thut of the wuree from whioh the htud oonie^. 
'.riioorotiwilly, tlie limit is tliat tciinparatuvu which would, be 
produced hy the huii’s direct radiation at a distance such that 
the sun’s appannit diaiuctcjr would just c(pud that of tluj Ions 
viewed from its fotuis. 

'I.'he timiporature prodiujcd at F (h'ig. 108) would, if there 
were no losses, lie just tlu! saiiKi as that of a body place d no 
near the sun that the sun’s angular diameter e{pialH LFIJ. 
Now, ill the ease of the most jiowerful louses liitliovto made, 
about 4 feet in diameter, a body at thii focus was thus virtu- 
ally carried to within about *2400(.)l) miles from tlie sun’s surface 
(the distaiuse of tins moon from the ciarth), and hero, as lias buoii 
said, the most refraetory 
substaiiees snecinmb 
immediately. 

A eorrohoratioii of 

the evitlenee of the 

Imrniiig lens is found 
in the great extension 
of the solar spectrum into the ultra- violet regitm and in the 
immiratiuo power of the solar rays. Hays coming from a source 
of comparatively low temperature — from a stove, for instance — 
are almost wholly absorbed by a plate of glass, wliilo Ihosu of 
the sun pass almost without lo.ss. 

374. Constancy of the Sun’s Heat, — It is an interesting (jucs- 
tion, as yet unanswered, whether the total amount of the sun’s 
radiation doiss or does not pereeptibly vary. 'I'herc may be 
eonsiderahle nuetuatloiis in tlie (piaiitity of heat liourly reeeived 
from the sun without our being uhlo to deteet tliein surely with 
onr present means of observation, but as far as observations go 
there is no evidence that the total amount varies very inueh. 

As to any steady, progressive iiutrease or decrease) of solar 
heat, it is quite certain that no iniiiortant cliaiige of that lei ml 
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has been going on for the past t^YO tlioibsaiid yours, liecuiisd tho 
distribution of plants and animals on tho earth^s surface is praofci- 
cally the same as in the days of Pliny j it is, however, ratlioi 
Xwobable than otherwise that the general olimatio changes which 
geology indicates as having formerly taken plaee on the cartli 
— the glacial and carhoniferons epoclis, for instance — nuiy ulti- 
mately be traced to changes in the sun’s condition. 

275. Maintenance of Solar Heat. — One of tiie most interostiiig 
and important problems of modern scienee relates to the oxxda- 
natiou of the method by which the sun’s heat is maintaiued. 
AVe cannot here discuss the subject fully, but must coiitunt 
ourselves with saying, — 

(1) J^legativd^^ thiit tlie jihenomenon (iaiinot be aecountGil for 
on the sn^jposition that the sun is a liot, solid, or li(]uid l>ody 
simplif cooling i nor by comhuMion^ nor (adequately) hg the fall of 
meteoric matter on the mu's mr/aacy though tliis cause unduuht- 
edly operates to a limited extent. 

(2) PoBitivelgy tlie solar radiation can he aeeonnted for nu the 
liypothesis, ijroposed first by Helmholtz, that the sun is shrinking 
slowly hnt contmuously. It i.s a matter of demonstration that 
ail annual shrinkage of about BOO feet in the sun’s diainuter 
would liberate heat sulTioient to keep up its present obsoi'ved 
radiation without any fall in its temperature. If the slirinltago 
were more than 300 feet, the sun would bo hotter at tlie oud 
of a year than it was at the beginning. 

It is not i> 0 Ksibl(i to exhibit this liypoUietical sliriiikagu as a fact of 
observation, since this diminution of the, sun’s diainetei- woiibl amount to 
a mile only in 17.0 years, and nearly eight thousand years would bo sjitnit 
in reducing it by a single second of arc. No change inucli smaller fcluvii 
1" could he certainly detected even'by our most modern instruments. 

We can only say that while no other, thooiy yet proposed meeda 
the conditions of tho ilvoblem, this appears to do so perfectly and 
therefore has high probability 'in its favor, especially ns it appears to be 
a mere oontihuafcion pf/ttie: process by which the present solai' system was 
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276. Lane’s Law. — It was lirst pointed out by Ijaiio of 
Washington in 1870 that a gaseous body, losing heat by radia- 
tion and contracting under its own gravity, must rise in tenvp&ra- 
ture until it ceases to be a “perfect gas,” either by beginning to 
liquefy, or by reaching a density at which the laws of “i)orfcct 
gases” cease to hold. In a mass of perfect gas the “work” 
due to its shrinkage (like the work done by a descending clock 
weight) i.s more than sufficient to replace the loss of tempera- 
ture due to its radiation, and it therefore becomes hotter. This 
is not tlie case with tx mass of solid or liquid, which, as it loses 
heat and besgins to Ucpiofy or solidif}--, diminishes in tonipornturo 
as well ns dimensions, and grows colder. 

It ai)poars tliat in the sun at present the I'olativo proportion 
of true gases and liquids (the droplets which form the j)h()- 
tospherio clouds) is such as to keep tlie temperaturo nearly 
stationary, — a condition which nni)'’ endure for thousands of 
years. 

(JONSTITU'I’TON 0.1?' THE SUN 

Tlio now generally received opinion on this subject may bo 
summed up substantially as follows ; 

277. The Central Nucleus. — As to the condition of this wo 
cannot claim certain knowledge, but many oonsidorations l(3n(l 
to the conclusion that it is purely gaseous and has a temper- 
ature immensely higher than that of the solar surface oven. 
Hut this central mass, while gaseous in that it follows essen- 
tially the oharacteriatio laws of Dalton, Hojdc, and Cliavles 
{Physios^ p. 274), must ho greatly condensed by the enormous 
pressure duo to solar gravity; denser than water, and vmons^ so 
to speak, like tar or pitch in resisting rapid motion within it. 

Certain phenomena, however, such as the tendency of photo- 
spheric disturbances (suiirspota and faculro) to break out repeat- 
edly in the same region (Sec. 287), suggest something like a 
quasi-solidity^ suffioiont to load to the definito localisation of 
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oei’taiu conditions at cci’tiiin ])oint.s below tbo ]»hoLo,s[)lum! ; tiinl 
there are other phenomena which ratlier tend in the sanio (lircc- 
tion. Indeed, there are some who still liold to a solid or li(|(n(l 
]i nolens for tlie sun. 

278. The Photosphere. — Tlie photonpliore is beliovcd to be a 
sheet of lumnons clouds^ constituted nuufhaiiically like Lorres* 
trial clouds, of minute solid or liquid partiedes (loatiu^ 
ill gas, Tlicse photospheric clouds are su 2 )posod to bo formed 
{just as clouds of rain and snow are fornuid in our own atinos- 
phere) by tlie cooling and condensation of va[K)rH at tho solur 
surface where they are exposed to the cold of outev s^iaco, and 
they float in tho perinan cut gases of the solar atin<is[)horo in the 
same way that our own clouds do on our own atin().s|)lioro. 

We do not know in’eoisely what matorials oonstiLnie the 
2 )hoto 8 ])here, but naturally .su^qiose them to be thosi* jndicatoil 
by the Fraunhofer lines, ^e., chiefly the metals, with mrhun and 
its chemical congeners. 


But this cloud theory of tho pliotosplicro is not wifluuit it.s <lillicull,icH. 
It is Ginbarmsscd by tlio fuel: that wt know of no substinido that romaiiiH 
solid or liquid, <)V(in at a tcuuporaluro aiiywlau’f! lusav that wliioli hcciun to 
prevail at the .solar surrucc, Carhou^ porlaqis the most rofructory of loiown 
substances, vaporizes coiupkitcdy at a t(!iii])eratur(i of ahoul, 7()(KP F, Still 
thfi teinperatui’o of 120(10® F. ascribed to tlic solar surfuc)! is only tho 
“effootivo" average tomparatuve, and possibly is not iuconsistculi with tho 
hypothesis that the “granules” of tho ijliotosphoro au! duo to Imud roni- 
mgs caused by explosive ex],)ansiou of ^'a])ors foixicd up JVoiii Violow By 
tremendous pressuro into or through a gasoous euvelopo of much liig'lno* 
temperature. 

Some are disposed to evade tho difliculty by' invoking an oloclrical 
action of soma kind, but as yet iiv .too vagu(>. a uiannor to ixirmit intolllgmib 
criticism. . ,,v. . 

AVa merely mention an ingenious theory i)ro)) 08 od a few years ago 
by^:]?rpf. A-,. Schmidt of Stuttgart, viz., that tlio pholosphere is a piirtdy 
optical phenomenon, a gorb of mlmgo so to .speak, tlie suu itaolf lusinis 


Tli'e''tlihbi;y, based wholly on optical in'uich)loH, Ims 





■*'‘'’fe-''i1r;ignoi'o.s.many spec tiuscopio facts, and llio 






IH 


iHBl 




M 


'I'llE SUN 


257 


fuHclainental laws of physics seem to make it certain thai n globe contain- 
ing iron and tlie other metals in tli(5 statti of vapor mttsl inevitably form n 
phbtoapheric shell of “clomU’ in the outer portions exposed to radiation, 
tliiis ‘*clotlnng itself with light ns with a garment." 

279. The Solar Atmosphere; the Reversing Layer, Chromo- 
sphere, and Prominences. — As 1ms just been said, tho photo- 
spheric clouds float in, and under, an atmosphere containing 
a considerable quantity of tho same vai)ors out of which they 
themselves have been formed. This vapor-laden atnio.sphere, 
probably comparatively shallow, constitutes the reversing layer. 
By its general absorption it produces the peculiar dark<ming at 
the limb of the sun, and by its selective absorption it produces 
tho dark Ifraunhofer lines or solar spectrum. It will he nmicm- 
bered that Sir Norman Lockycr and others have been disposed 
tt) question the existence of any such shallow al)sorl)iiig stratum, 
Imt that the pliotograiflts made at the recent oelipscs seem to 
establish its reality. 

The ch'omosjiliere and prominences are chiolly compo.sed of 
X:)ermanent gases, mainly hydrogen, lielium, and cahsiuiii, whiob, 
near tho photosphere, are mingled with the vapors of the revers- 
ing stratum, but rise to far greater elevations tlian those vapors, 
'.riie appearances are for the most part as if the ohromosplioi'e 
were formed of jets of heated gases, ascending through tho inter- 
spaces between the photosphoric clouds, like flames playing over 
a coal lire. 

280. The Corona also rests at ite base (ui the photos[)licre, 
and tho characteristic green line of its spectrum is brightest just 
at the surface of tho photosphere, in tho I'cvorsing stratum, and 
in tho chromosphere itself ; but it extends far beyond oven the 
loftiest prominences to di, stances sometimes of several millions 
of .miles. It seems to be not entirely gaseous, but to contain, 
in addition to tho mysterious coronivnn, chtst and fog of some 
sort, very likely of meteoric origin. Many of the jtlionomena 
of tho corona are still iiiiexplainod, and since thus far it has 


T]»(i reviii’K- 
inn liiyi!!' ; 
th« piivL (if 
ilio KOllU' 
tUinospliunt 

(h« 

HplKtrUt 

(dUlKlH. 


'L’Iki oIu-oiik 
Hplioro itliil 
pnnul- 
lIUUCliK 

mainly cil' 

poninniinit 

gnsiM. 


Tho I'ornmi 
Hllll U» II 
gi'oat nxLni 
a myftlory. 



258 


aiANUAL OF ASTIIONOJIY 


been observable onlj’' during the brief momonls of solar eclipses, 
jn’ogress in its study has been necessarily slow. No observer 
has yet seen the corona for a sum total of time amounting to 
fifteen minutes. 

Fig. 109 (from TJie Sim^ by permission of D. Appleton 
& Co.) presents tlie theory stated above, though the distinction 


Fia, 109. — OonsHUitlon of the Sun 
From.rAe Sim, by pemiBslon of tlio publiBhors 



between the photosplieric cloud shell and the ohromosphero is 
hardly brought out as clearly as desirable 5 nor is it certain that 
all the spots are oavitm^ as represented. 



EXERCISES 


1. Asaiiming Fayo'a oqiiatiou (See. 230) for tho aolar rotation, what aro 
tho rotation periods at the son’s equator, in solar latitndo 30®, in latitude 


1 5®, and at tho pole ? 


A ns. 


("At equator, 25.00 days. 

Lat. 30®, 2Q.‘t9 “ 

Lat. 45®, 28.00 « 

At polo, 31 .05 “ 


2. Assuming Spoercr's equation (Sec, 230), ^Yhat would ho the rosnlts? 

3. What would he tho synodic oi* apparent time of rotation for a spot in 

latitude 45° according to Fay o’ s equation V A ns. 30.43 days. 

4. If the diamotor of the sun wove doubled, its density reinainiug 
unchanged, what would ho tho force of gravity at its surface? 

B. If the sun wove expanded into a lioumgenoous sphere, with a radius 
equal to the distance of the earth from tho sun, its mass remaining 
unchanged, what would be tho force of gravity afc its surface? 

An.v. of ff. 

6. In this case, what change, if any, would result in tho orbit of tho 
earth? Aw.'!. Ifono. 


7. In tho noighhorlujod of a sun-spot a point is fouuil in its spectrum 

where a portion of tho C lino (X £= 05(13.0) is deflected to (1500.0. Wluit 
Is tho velocity (in the line of sight) of the hydrogen at that iJoint? (See 
Seo. 265.) A ns. 85.17 miles receding. 

8. How great is tho displacement of the hydrogen lino F (X = 4801.6) 

at that point? A».s. 2.22 units (of 'wavc-length). 

9. How great a displace numt is produced in tho lino I) (X= 5800,10) 

by a velocity of 100 miles a second ? An.f, 3,10 units. 

10. If a Inminoijs body were moving towards us with a velocity one 
fourth that of light, what would be the o licet upon tlio apiiavent length of 
tho portion of tho siroetniiu included between two given lines, — say C 
and F? 

11. What if it wer(' moving towards us with tho speed of light, and 
what if it wove receding at that rate? 

12. Wliat If the ohservc.r were recoding with tho speed of light, and 
what if he were moving towards it at tliat rate? 
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13. If fclie (liumotei* of thft su» is (loci'i! lining afc Uio va(<i of i}()() fiu‘(. ii 
yoar, how long before its apparent ili nine ter will liave ileoreaHetl by V f 

Aun. 7027 yeiir.s. 

14 . If the rate of slirinkago be assuiiieil to coiitinne unifown (i.o., ‘JOU 

feet a year — an impossible asBuinjition), how long wouhl it bo before ita 
diameter is d i mi nishod by 1 % ? A « s- O re r 150000 y eara , 

16. How' much w'oiild its mean density then be imireanml? 

.'I M.V. About 

16. Taking the « calory ” as oipiivnlent to 428 kilograninioterH of einfrgy, 

what weight falling 100 ineti'.rs to the surface of the oarl.li would, iit tln» 
end of its fall, possess an energy equal to that of tlie Holur rad inti on 
received in an hoar upon 10 square meters of tho eartli’s Hurfaia'-, udinitliitK 
a loss of 60% absorbed by the air? J1H520 Itgm. 

17. Assuming that sunlight at the earth equals 70000 times that of n 

standard candle at a distance of 1 motor, at what distance would tlie liglit 
of the sun equal that of a 2000 cahdle-powor electrio arc 10 ineturH 
distant? vl«s. About 60 times tho earth's distaneo. 

18. How does tho illumination of a surface by an arc-light of 2000 

candle-power at a distance of 1 meter compare with its illuniinatioii by 
sunlight? Auk. 



CHAP^IMCR X 


ECLIPSES 

Form niid DimcinsJoiiH of SlmdowH — KidipHOH of (ho Moon — Solnr Eolipscfi — 
Totiil, Aiimihiv, iind Piirlhtl — FoUplio Liinilsund NmiilioroC hhdipsoH in <i Vom* 
— llonuiToiico of KoliitHOH imd tlio Siivom — OcoulttilionH 

281. Tlui word “o(}lipsiP’ is (i torm to tlio dtirkoning 

of a hoavonly body, os[i(.uJuilly of the, sun or moon, tliougli somo 
()f tho satollitos of ntlnjr planets besiden tlio earth are also 
“eclipsed.” An eclipse of tho moon is eansed by its passage 
through tho shadow of the earth; eclipses of tlio mih by tho 
interposition of the moon between tho sun and tho observer, or, 
what comes to the same thing, by the passage of tho moon’s 
shadow over the observer. 

Tho shadow whieli (sauses an eelips(( is the sjiaee from wldoli 
sunlight is excluded by an intervening body; geomctrioally 
speaking, it is a soZm?, not a Hnrffuui, If we regard the sun and 
tho other heavenly bodies as spherical, those shadows aro oouch 
witli their axes in the lino joining tho eontei's of the sun and 
the shadow-easting hotly, tlio point hoing always direetod away 
from tho sum 

282, Dimensions of the Earth’s Shadow, — The length of tho 
earth’s shadow is easily found. In Fig. 110 we have, from 
tlio similar triangles, OlH) and AY.Vt, 

Ol>'. OA': : Fnix MO, or L, 

()I) is tho difhtreiKte hotweeii the radii of the snn and the earth, 
~ U. r, ICa “ and OIC i.s the distanee of the onrth from blie 
Kim ~ IK Hemie, 
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(The fraction 108.5 is found by .simply subsdtvitlng for U find 
liongUiof r their values, Ji being 109,5 X r.) This givtis 857000 milc.s 
shmiow length of the eartlFs sliadow when I) has its mean value 

soTOOOmUcs. of 98 000000 miles. The length varies about 14000 miles on 
each side of the mean, in (3onsoquenco of the variation of tlio 
earth’s distance from tlie sun at different times of tlio year. 

From the cono aOh all siinliglit is exduihid, or would bo wtn't* 
it not for tlie fact that tlie atino.spliere of the earth by its njfrmr- 
tioii bends some of the rays into this shadow. ’Tho eil'o(5t of 
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this atmospheric refraction is to inerease the diameter of the 
shadow about two per cent wliere the moon ei'osses it, bnfc t«» 
make it less perfectly dark, 

Tlio 283, Penumbra, — If wo draw the linos lia and Ah (Fig, 1 10), 

i>oiiumi)m. crossing at .P, botweon the earth and the sun, they will IkuuhI 

the penumhra, within which a part, but not the whole, of tlu) 
sunlight is cub off; an observer outside of the shadow hut 
within this cone frustum, W:hich tapers towards the sun, wouhl 
see the earth as a black: body enoroaehing on the sun’s disk. 
Boimtiarios WhUo the boundaries of tlio shadow and ponumlira are per- 
feebly dehnite they are not so optically. If a 

uuini)vaoptt Horeon wore plaoed at perpendionlar to the axis of the slnidtnv, 
cully iiicioft- no sharply defined lines would mark the boundaries of either 
BlwiSSy shadow or penumbra. Near the edge of the sliadow tlie ponunv 
cioflnito, ■ bra would be very nearly as dark as the shadow itself, only a 
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mere speck of the sun being there visible; and at the outer 
edge of the penumbra the shading would be still more gradual. 

284. Eclipses of the Moon, — The axis of the central line of 
the earth’s shadow is always directed to a point directly opposite 
the sun. If, then, at the time of the full moon, the moon 
haijpens to be near the ecliptic (^.«., not far from one of the wiiy 
nodes of her orbit), she will pass through the shadow and be ^fmooncUj 
eclipsed. Since, however, the moon’s orbit is inclined to the notocoiu- 
ecliptic at an average angle of 5® 8', lunar eclipses do not 
happen very frequently, — seldom more than twice a j'^ear. 

Ordinarily the full moon passes north or south of the shadow 
without touching it. 

Lunar eclipses are of two kinds, — partial and total : total Partial umi 
when she passes completely into the shadow, partial when she 
only partly enters it, going so far to the north or south of the 
center of the shadow that only a portion of her disk is obscured. 

285. Size of the Earth’s Shadow at the Point where the Moon niamiitKr 
crosses it. — Since EC, in Fig. 110, is 867000 miles, and the 
distance of the moon from the earth is on the average about whoioUni 
289000 miles, CM must average 618000 miles, so that MN, 
the semidiaraeter of the shadow at this point, will be of the 
earth’s radius. This gives ilfiV- 2854 miles, and makes the 
whole diameter of the shadow a little over 6700 miles, — about 
two and two-thirds times the diameter of the moon. But 
this quantity varies considerably with the moon’s distance ; the 
shadow, where she crosses it, is sometimes more than three 
times her diameter, sometimes hardly more than twice. 

An eclipse of the moon, when central, i.e., when the moon 
crosses the center of the shadow, may continue total for about 
two hours, the interval from the first contact to the last being Dumilou uf 
about two hours j^iore. This depends upon the fact that the 
moon’s hourly motion is nearly equal to its own diameter. 

The duration of a non-central eclipse varies, of course, 
according to the part of the shadow traversed by the moon. 
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286. Lunar Ecliptic Limit. — 'J'ho lunar cdlptw rimil l.'t iho 
greatest distance from tlio noolo of the moon's orbit at wliitsli 
the sun can bo at the time of a lunar eulipso. 'rhi.s linut 
depends upon the inclination of the moon’s orlnt, wliioli In 
somewhat variable, and also upon (he distance of tho niocni 
from the earth at the timo of the eclipse, whicli is still nnm* vari- 
able. Hence, wo rocognize two limits, — ■ the major autl miiinr. 

If the distance of tho sun from the node at tlio timo of full 
moon exceeds the major limit, an eclipse is impossible ; if it is 
less than the minor, an eclipse is inovitahlo. Tho inajnr limit 
is found to be 12° 15'; the minor, 9° 901 

Since tbo sun, in its annual motion along tho ooliptie, travola 
12° 16' in less than thirteen days, it follows tliat every cell] we 
of the moon must take place within thirteen days from the timo 
when the siin crosses the node. 

287, Phenomena of a Total Lunar Eclipse. ■ — TTaU an lioiir or 
so before the moon reaches the .shadow, its limb begins to bo 
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sensibly darkened by the penumbra, and tlie edge of tlio shadow 
itself when it first attacks the moon appears nearly blmik by 
contrast -with the bright parts of tho moon’s surface. "J’o Lli’o 
naked eye the outline -of the shadow looks reasonably almrn; 
but even with a small' telescope it is found to be indofinito, and 
with a large telescope and high magnifying power it bocomoH 
entirely indistinguishable, so that It is impossible to dolormino 
withm about half a minute the timo when tho boundary of 
the shadow reaches any particular point on the moon. AfLor 
the moon has wholly entered the shadow her disk in nsually 
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distinctly visible, ilbiininated "witli a dull, coppei'-colored light, 
wluoli is sunlight, deflected around the earth into the shadow 
by the refraction of our atmosphere, as illustrated by Fig. 111. 

Even when the moon is exactly central in the largest possible shadow, 
an observer on the moon would .sec the disk of the earth surrounded by a 
narrow ring of brilliant light, colored witli sunset hues by the same vapors Color of! 
whicli tinge terrestrial sunsets, but acting with double power because the ^ho eclipsed 
light has traversed a double Lhiclfiuiss t)f our air. If the wcatlun- happens 
to be clear at tiiis pfation of the earth (upon its Wni, as seen from the censed by 
moon), the quantity of ligld transmitted through our atmosphere is very lij^iitdo- 
considorablo, and the moon is strongly illniniiiated. If, on the other hand, fleeted into 
the weather happens to he .stormy in this region of the earth, the clouds cut sliadow 
off nearly all the light. In the lutiar eclipse of 1H8I tlui moon avus abso- 
Intely invisible for a time to the naked eye, — a very unusual circumstance 
on such an occasion. 

The heat radiation of the moon, according to tlie oUsoryfi- 
tiona of Lord Ilosse, frtlla off during the progress of tho eclipse, 
almost in tho same ratio with tlio light. A t the momout wlion 
tlie eclipse becomes total fully ninety-eight per oontof tho heat Kffoctupon 
has disappeared, and half of tho j*emaiuing two per cent is lost 

1 • / I , . , . 1 lioatrniU- 

durmg the totality. As the light returns the lieat rises almost at.ion. 
as rapidly as it fell, showing that the moon’s surface has very 
little power of Btoring heat, — a natural consoquonco of its 
airlessness; hut it is several hours before the heat radiation 
recovers fully the value it had before the eclipse, 

If the eclipse is well visible in hotli hemispheres, arrange- 
ments are usually made to observe as many star oecultations as 
possible during the totality, for the purpose of detormining fclio . 
moon’s place and parallax, and for other purposes also. 

288. Computation of a Lunar Eclipse, ^ — Since all tho phnaos Why tho. 
of a lunar eclipse are seen everywhere at the same absolute 
instant wherevor tlie moon is above the horkon, it follows aciipHu is 
that a single computation giving the Greenwich times of tho simple, 
different phenomena is all that is needed. Such ooiifiputations 
are ma(|e and published in the Nautical Alraanao. Each 
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observer has only to correct the predicted time by simply 
adding or subtracting his longitude from (Ireoiiwich, in oixlor 
to get the true local time. The computatiou of u lunar oelipao 
is not at all complicated. 

For tliG method of projecting juul compiiling a luiuir oclipHo, .s(H) Apiioii- 
dix, Secs. 703 and 704. 


ECLIPSES OF THE SUN 

289. Dimensions of the Moon’s Shadow. — By the same 
Length of method as that used for the shadow of the earth (Sec, 282) wo 
find that the length of the moon^s shadow at any time in voiy 



iiearlj'' of its distance from the sun, and averages 232.i.f)0 
miles, It varies not quite 4000 miles each way, ranging from 
228800 to 236060 miles. 

Since the mean length of the sliadow is less than Uio mean 
distance of the mpoii from tRe earth (238800 miles), it is evi- 
dent that on the average the shadow will not reach the earth. 

On account of the eooentrioity of the moon’s orbit, sho .is 
mtiph of the time considerably nearer than at others and may 
Moxbnmn come AYiti^in. 221800 .miles from the earth’s center, or about 

(liametorof 217660 miles froni its- surface. ^ If at the same time tlm shadow 

eross-BOctloa ' v ■ ■ i' . m i i , . . i 

of moon’s happens.to have ite ; greatest possible length, its point may roach 

shadow on nearly 18400, ' miles v.beypnd the earth’s surface. In this case 

le# miles, the oross-seotipni of ;Jthe shadow whore the earth’s siu’faoe cuts 

it squarely (at o; m/Rig. ,1^ about 168 miles in diam- 

which is thejl^rgedyalue pfi.ssible, If, however, the shadow 

^ /^trikes the em'th’s siu^aoe the shadow spot will bo 
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oval instead ol circular, and the extreme of the oval ina;y 
mncli exceed the 1G8 miles. 

Since the distance of the moon may he as great as 252970 miles 
from the earth’s center, or nearly 249000 miles from its surface, 
while the shadow may be as short as 228300 miles, we may have 
the state of tlungs indicated by placing the earth at 7i in Fig. 112. 
The vertex of the shadow, F, will then fall 21000 miles short of 
the surface, and the cross-section of the shadoiv produc<>,d will 
have a diameter of 196 miles at o', where the earth’s surface 
cuts it. When the shadow falls near the edge of the earth the 
breadtli of this cross-section may be as great as 230 miles, 

290 . Total and Annular Eclipses. — To an observer within 
the true shadow cone (itJ., between F and the moon in Fig, 112) 
the sun will be totally eclipsed. An observer in the “pro- 
duced ” cone beyond V will see the moon smaller than the sun, 
leaving an uneclipsed ring around it, and will have what is 
called an annular^ or “ring-formed,” eclipse. These annular 
eclipses are considerably more frequent than the total, 'and now 
and then an eclipse is annular in part of its cour.se across tlie 
eartli and total in part. (The point of the moon’s shadow 

" extends in this case beyond the nearest part of the .surface of 
the earth, but does not reacli as far as its center.) 

291 , The Penumbra and Partial Eclipses. — Tlio penumbra can 
easily be shown to have a diameter on the line 6'Z> (Ifig, 112) 
of a trifle more than twice the moon’s diameter, An observer 
situated within the penumbra has a partial eclipse. If he is 
near the cone of the shadow, the sun will bo mostly covered 
by the moon; but if near the outer edge of the penumbra, the 
moon will only slightly encroach on the sun’s disk. While, 
therefore, total and annular eclipses arc visible as such only by 
an observer within the narrow path traversed by the shadow 
spot, the same eclipse will be visible as a partial one ovc^ry- 
where within 2000 miles on oaoli side of the path. The 2000 
miles is to bo reckoned perpendicularly to tlie axis of the 
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shadow, and may corresjDond to a much greater distanco on tho 
spherical surface of the earth. 

292. Velocity of the Shadow and Duration of Eclipses. — Wero 
it not for the earth’s rotation, the moon’s shadow would pass an 
observer at the rate of nearly 2100 mile.s an hour on the average. 
The earth, however, is rotating towards the east in tlio siuno 
general direction as that in which tho shadow moves, and at 
the equator its surface moves at the rate of about 1040 niilths 
on hour. An observer, therefore, on the earth’s equator witli 
the moon at its mean distance from the earth and near tlio 
zenith would, on the average, bo passed by tho shadow Avitli a 
speed of about 1060 miles an hour (2100 — 1040), — -about 
equal to that of a cannon-ball. In higher latitudes, where the 
surface velocity due to the earth’s rotation isile.s8, tho relative 
speed of tho shadow is higher ; and where tho shadow falls very 
obliquely, as it does wlien an eclipse occurs noar sunrise or 
sunset, the advance of the shadow on tho earth’s .surfaoo may 
become very swift, — as great as 4000 or 6000 miles an liour, 

A total eclipse of the sun observed at a station noJir tho 
equator, under the most favorable conditions possible, may con- 
tinue total for 7"'58®. In latitude 40® tho duration can barely 
equal 61'". The greatest possible excess of the apparent 
semicliameter of the moon over that of tho sun is only 1' lO'h 
At the equator an annular eclipse may last for 12''’24% the 
maximum width of the ring of the sun visible around the moon 
being 1' 37". 

hi the observation of oontacts avo I’oongnizod ! the y/jw/ 

when the edge of the moon first touches tlie edge of Urn sun, tlio sfjumd 
when the eclipse becomes I total or eniiidar, the Jhiril iiL tho eessation of the 
total or annidav.phae^,,e-ucl the yoioV/i when the moon fiiioJlj' leavoB tho 
solar dish. From to the fourth the time may bo a littla 

over four hours. 

.Solar ecliptic 293. The Solar Ecliptic Limits. — It is necessary, ift order to 
lUnita. of the sun, that the moon should encroach on 
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tile cone ACBJ) (Fig. 113), which enveloiis the earth and sun. 
In this case the true angular distance between the centers of 
the sun and moon, i.e., their distance as seen from the center of 
the earth, would be the angle MlCS} This angle may range 
from 1® 34' 13" to 1° 24' 19", according to the changing dis- 
tance of the sun and moon from the earth. The corresponding 
distances of the sun from tlie node, taking into account also 
the variations in the inclination of the moon’s orbit, give 
18° 31' and 16° 21' for the major and minor ecliptic limits. 

In order that an eclipse may bo e.mtral (total or annular) at 
any part of the earth, it is ueccs.sary that the moon sluiuld lie 



Fi<». li;t — .Soliii' liuliiitu! LimtlH 

wholly inside the cone ACIU)^ as j 1/', tuul the coiTosponding 
major vcaii minor centrtd ecliptic limits come out 11° 60' and 
9° 66'. 

294. Phenomena of a Solar Eclipse. — There i.s nothing of 
special interest until the sun is nearly covered, thougli before 
that time the shadows cast hy the foliage begin to bo peculiar. 

Tile light shinhig through evory small iiiterafcico uinoiig the leaves, 
instead of forming as usual a cUvU on tbo ground, makes a littlo cim’ou, 
— an image of the partly oovorud sun. 

1 jVfJSS equals the sun’s angular somlcllamoter SJSA + tho moon’s aomldlam- 
oter MIC 2^ + the angle AJSF ; and AISF etjuals the diftoronco botwcon FFG, 
tho moon’s parallax, and CAE, tho parallax of tho sniii hence, as usually 
written, ME8, tho “radius of the shadow,” = S .S' + /* — 2>. P being the 
parallax of the moon, and p that of tho sun. 
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About ten iniinite.s bo Coro totality tiio (liii’]fiio.s.s bogina to 1 m* 
felt, and tlie remaining liglit, coming, as it tlooH, from the vtfijt' 
of the sun alone, is much altered in (|nality, being very dellcient. 
in the blue and violet^ so that it produces an efl'eid very likt* 
that of a calcium light rather than snnshino. Aniinnls iiro 
perplexed, and birds go to roost. TJio tunipfiratiiri! rails, and 
sometimes dey appears. In a foAV momonlH, iC (he- observer is 
so situated that bis view commands tlio distant liorl/.on, tlio 
moon’s sliadow is seen coming, niuoh like a iietivy tlmnder- 
storm, and advancing with almost toiTii’yiiig .swiflne.ss. JumI, 
before the shadow reaches the observer, ijuivoj'iiig, ripplo-liko 
bands appear on every wliito surface; and inumnliately on i(n 
arrival, and sometimes a little before, the corona and proiiii^ 
nences become visible, while the brigliter jdiuuJts and the sliii’H 
of the first two or three magnitiules malco their aptieai’uiuM*. 
The suddenness with which tiio darkness falls is startling. 'I’lio 
sun is so hrilliani that oven the small portion which riMnaiuH 
visible up to within a very lew seconds of the total ohsmimtion 
so dazzles the oyo that it is unproxiarod for tlio sudden transition. 
In a few moments, however, vision adjusts itself, and it is tlani 
found that the darkness is not really very inteiiHo. 

If the totality is of short duration (tliat is, if the cliainotur of 
the moon exceeds that of the sun by loss than a minute of are),, 
the corona and chromosphere, the lower parts of whicli are very 
brilliant, give a light at least throe or four times tliat of the 
full moon, Since, inorcovpr, in such a case the shadow is of 
small diameter, a large q^uantity of light is also hoi it iu from thu 
surrounding air, where, 30 or 40 miles away, tlio aim is still 
shining. In such an oolipse there is not niiicli clifTiciilty in 
reading an ordinary watch face. In an oolipso of long duration, 

say hve or six minutes, it is much darker, and lantorns becomo 
necessary. 

295. Observation of an Eclipso.- A total solar oolij.80 offora 
opportnmt.es for, numerous observations of groat i.nportai.oo 
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whicli are possible at no other time, besides certain others which 
can also be made during a partial eclipse. We mention: 

(a) Times of the four contacts, and direction of the line join- 
ing the “ cusps ” of the partially eclipsed sun. These observa- 
tions determine with extreme accuracy the relative positions of 
the sun and moon at the moment. (&) The search for intra- 
mercurial planets. («) Observations of certain peculiar dark 
fringes, the so-called “shadow bauds,” which ajjpear upon the 
surface of the earth for about a minute before dud after totality, 
(f?) Photomotrio measurement of the intensity of light at dif- 
ferent stages of the eclipse, (e) Telescopic observations of the 
details of the inominonees and of the corona. (/) Spectroscopic 
observations (both visual and idiotographio), upon the “flash 
spectrum ” and upon the spectra of the lower atmosphere of 
the sun, of the prominences and of the corona, (ff) Observa- 
tions with the polariscope upon the polarization of the light 
of the corona. (Ji) Drawings and idiotographic pictures of the 
corona and prominences, (i) Miscellaneous observations upon 
meteorological changes during the progress of the eclipse, — 
barometer, thermometer, wind, etc., — and effects upon the 
magnetic elements. 

296, Calculation of a Solar Eclipse. — The calculation of a 
solar eclipse cannot be dealt with in any such summary way as 
that of a lunar eclipse, because the times of contact and other 
phenomena are different at every different station. Moreover, 
since the phenomena of a solar eclipse admit of extremely 
accurate observation, it is necessary to take account of numoi'- 
ous little details which are of no importance' in lunar dclipses. 
The Nautical Almanacs give, three years in advance, a chart of 
the track of every solar eclipse, and with it data for the accurate 
calculation of the phenomena at any given place. 

T. Oppol’/er, a Vienneso astronomer, no longer living, publisliccl a few 
years ago a remai'kable book, entitled The Canon of EcUpsent containing 
the elements of all eclipses (8000 solar and 5200 lunar) oocurring betwooii 
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tho yimi' I!2il7 n.c, luid a.d. willi nmpH ahowinj? tlio. approxiumlo 
tmck of Iho moon’s hIiiuIow cm Uio ('ui'Lli, IL in<lioaL('H Lottil colipscs visi« 
l)Iu in (lu) UuiUicl SLnIc.s in III IS, lOi);), lOtio, KUo, l})7!l, lOSI, ami 

397. Number of Eclipses In a Year. — Tlio loast po.ssiblo iium- 
lior is lw(\ both of ilio sun; tlio largest snycvi, (Ivo sohir and two 
lunai' or four solar and tliroo Inmvr. 'L'lio musl mmd imnibor of 
0 dipso, s is four, 

"^I'lic otilijiso.s of a giv(Mi ^^onr always take plaoo at two opposito 
soasoiis (wliioh may bo oallod tho monlkn of tho your), 

near tho times when tho sun orossos tho nodes of the mooii’.s 
orbit. Sill 00 tho uodc.s move westward around the ediplio 
onoc ill aliout nInoLooii years (See. 102), tho time ommpiod by 
tho Him in passing from a node to tho sanio node again is only 
346.(12 days, which is Homotiinos eallod tho mlipun 

Tu ail eclijjse year thero ('un bo but iwo lunar ooliiisos, sinoo 
twice tho inaxinuini lunar ooli])tio limit (2 X 'L2° JA') is less 
than 29° O', tho distance tlio sun moves along tlie ecliptic in 
a .synotlic month; tho sun tlioreforo cannot jiossilily bo noav 
enough tho node at hoUi of two suocossivo Cull moons; on tho 
oLlior hand, it is possible for a year to pass without any lunar 
ooliiiso, llio sun being toe far from the node at all four of tho 
full moons wliidi oeeur nearest to the tinio of its node iiaasago. 

In a QHlentUtf year (of 366:^ days) it is, however, possible to 
have ilirae lunar oulipsos. If ono of tlio moon’s nodes is passed 
by the sun in January, it will bo reaoliod again in Dcoomhor, 
tho other node having been passed in tho luttor part of J uno, 
and there may bo a Umar eolipso at or near oaoh of thoso throo 
node passages, This aobually occuiTod in 1852 and 1898, and 
will happen again in 1917. 

As to solar eoUpses, it is sufTioicnt to say that tho solar ocliptio 
limits arc so much larger than tho lunar that thoro must ho at 
least one solar eclipse at oaoh node passage of tho year, at tho 
now moon next before or next after it ; and thoro may be Iwo^ 
one before and ono after, thus making four in tlio oolipso year. 


rwV/iwti. o.i'jo 


(When there are two solar eclipses at the same node, there will Soiai- 
always ho 'a lunar eoUpse at the full moon between them,) In 
tlio aitUndav year a lif th solar eclipse may come in if the first two\o i\yo. 
eclipse month falls in Januaiy. Since a year with five solar C4i'oiitoHt 
oclipsos in it is sure to liave two lunar eclipses in addition, 
tlioy will make up sevon in the calendar year. This will SiweRhln 
luippon next in 19)15; but in 1917 there will also be seven yew* khvi'ii ; 
eclipses, — four of the sun and three of the moon. 

298. Frequency of Solar and Lunar Eclipses. — Taking the both or 
whole earth into account, the solar eclipses are the more numcr- 

ous, nearly in the ratio of thrv.o to two, .1.1 is not .so, liowv.vei\ 
with thmi ivliiah are viHihle at a f/iven 2 ^l<ie<i. A solar eclipse can 
he Hoen only from a limited portion of tlie globe, while a lunar iiolftUvo 
eclipse is visible over considerably more than lialf the (jarth, — r™a*imt«y 
either at the beginning or the end, if not throughout its whole niuUmuu' 
duration ; and this more than reverses the proportion between coUphoh. 
lunar and solar eclipses for any given station. 

Solar eclipses that are total somewhere or otlior on the earth’s 
surface are not very rare, averaging one for about every j^ear uuroiuiHHiif 
and a half. But at any aiven plane the case is very different; 

. i « , , , WiUlW'BIll 

since tlie track of a solar eclipse is a very narrow path over the any kIvuu 
earth’s surface, averaging only 90 or 70 miles in width, wo find 
that in the long run a total eclipse happens at any given station 
only once in about 860 years. 

During the nineteenth century seven shadow tracks traversed 
tho United States, and there will bo the same number in tlie 
twentieth.^ 

299. Recurrence of Eclipses; the Saros, — It was known to 

the Chaldeans, oven in prehistoric times, that eclipses occur 
at a regular interval of 18^1 (10-J- days, if there happen to be 

five leap-years in tho interval). They named this period tho 

t^aros. It consists of 228 synodic months, oontaining 6585.82 tiioHuvob. 
days, while 1.9 ealijose years contain 6585.78. The difference 
I This (Idch )a)t take into account ouv insular poHsosaiouK. 



Niniihnr ot 
oi'lliiHim In 
cnio Hnnw. 


Him* tmiMilLu- 

1 lullH., 


HiKlilijiinnHH 
Ilf IIuhIU' 
iipimiiirmiRn 
luitl i-oaiH 
liom'itiuHi of 
Uio Ml nr. 


AiiQinnloiiH 

phonoiuonn 

itonioilmuH 

obHorvccl (li; 

twoulia* 

llOllB. 


2T4 MANUAL t)F AH'I’llONOiMl' 

irt only iihnul 11 lunirn, in whioh Umo tho sun niovos on tlio 
ocliptio al)oul 28'. 

rf, thuroforo, a Holar ocllpso should oocuv to-day Avitli tho sun 
exarily at oiio of tho inooii’s iiixlos, at tho end of 22il months tho 
now anoon will lind tho sun again oloso to tho node (28' ^ooM of 
it), and a vmy similai' oolipso will ooour again ; but tho track of 
til in now oolipsu will lie about 8 hours of longitude furtlior west 
on tho earth, booausa tho 228 months oxoood tho oven GbHS days 
by of a day. Tlio usual luunbor of eolipsos in a Saros is 
about KQVOuty-ono, A^arying two or tlu'oo ouo way or tho other. 

300. Occultations of Stars, — • In theory and coinjuitation 
tho .ocouUation of a star is identioal Avith a total solar oidipsc, 
axoept that tlio kIuuIoav of the inoou cast by the star is sonsilily 
a irylhider instiiad of a cone, and has no penumbra. Since tho 
moon always moves eastward, the star disappears at tho moon’s 
eastern, limb, and reappears on the western. Under all ordinary 
oii’inims lances both disappouranoe and roappearanoe are instan- 
taneous, indicatiug not only that tho moon has no sonsihlo 
atmosphere, but nlso that the (angular) diameter of oven a very 
bright star is less than 0".02, Observations of ooeultations 
dolormino the idaeo of tho moon in tho sky Avith great acourncy, 
and when made at a number of widely separated stations they 
furnislL a veiy precise defcorinination of the moon’s parallax and 
also of tho differ once of longitude between tho stations. 

OooaHlmiiilly the star, instoiul of disappoivving auddfiuly wlion fltnick liy 
tho JiiomdB limb (faintly visible by:“«avth-8lnno”), appoai's to cling lo tho 
Ihub for a aocoud Or two boloro A'anisliing. In a few Instanccis it has Ihm'Ii 
ropovtod as liavlng rcappstiracl and dlaappoai'od a second time, as if it had 
booiv for a moiiiont vlslblo rift in tho moon’s crust. In somu 

cases tho anomalous npbenomon a have been oxpliiincd by tho snbaoquont 
dlsooYpry that tho star Avas doviblo, but many of them still remain mysteri- 
ous,} lb la qnlLo likely that they were often illusions duo to physlologlcivl 
oausos Ih tho obaorvor. 


CHAPTER XI 


CELESTIAL MECHANICS 

Tho Laws of Contrnl Forco — Circular Motion — Koplor’s LawSi imhI Newton's 
Vorifleatiou of tlio Tlioory of Gravitation — Tlio Conic Sections — Tlio Problem 
of Two Boilles — Tho Parabolic Velocity — Exorcises — Tlio Ptoblom of T'ltrao 
Bodies and Portnrhatlons — Tho Tides 

It is out of the question to attempt hero an ox tended treat- 
ment of the theory of the motions of the heavenly bodies, but 
there are certain fundamental facts and jjrinoiplos easily under- 
stood and so important, and indoed essential, to an iiitolligont 
comprehension of the meohanism of the solar system that wo 
cannot pass them without notice. 

301. Motion of a Body not acted upon by Any Force. — Accord- 
ing to tho first law of motion, a moving hocly left to itself de8Grihe& 
a straight line ivith a uniform speeds When, therefore, wo find 
a body so moving wo may infer that it is noted on by no force 
whatever or, at least, that if any forces are acting, -they exactly 
balance eacli other, tlieir re.sultnnt being zero, and absolutely 
without eifect upon the motion of the .body. 

It is a common blunder to speak of sucli a body as actuated 
by a “projectile forco,” — a survival of the Aristotelian idea 
that rest is more natural to a body than motion, and that 
“force” must operate to keep a body moving. This is not triio! 
mere motion implies no acting force. Change of motion only, 
either in speed or in direction, implies .such action, 

Wilili tlio action rotorred to thavo asiiiilly gOQ8 another, — that a moving 
body nmst Imvo boon pul in molion by soirio forco, aa if all botlios wtii'o 
onco at I’cBt — say at tlio inoniont of creation — and aequired thoir motion 
later; in roHpeot to wliicli we liave no kiiowledgo, 
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302, Motion under the Action of a Force. — If the motion of 
a body is in a straight line but with a varying speotl, we infer a 
force acting directly hi the lino of motion, cither accelerating 
or relaidiiig. If the body a moves in a curve (Fig. n‘l)» wo 
know that some force is acting aross^viso to the motion and 
towards tlie concave sith of the curve. If the speed iiicroiisos^ 
WG know that the acting force pulls not only crosswise, but 
forward, as ah, making an angle of le.ss than 00° with tlio “line 
of motion,” at, tangent to the curve at a ; and vice versa if tlio 

motion is retarded. 

If the speed keeps constant, wo 
know that at a the force acts along 
ae, always exactly perpendicular to 
the line of motion. 

It is not unusual to find curvilincuv 
Fick Ilk— CurviUiiro of an Orbit motion apolcon of as duo nccessiirily to 

two forces; one, the « projectile force,” 
imagined to act along the lino of motion, while tho second force draws 
sidewise. 'I'liore may have heen a projectile force acting in the past, hut 
if so it is “ancient history”; we nood, at present, in order to explain tho 
facts, the action of only a single force, operating to clmujf lh(> direotion 
or l,h(. speed, or both, of the body's motion. From « curved path wo can 
infer the necessary existence of but one force. 'J'his force may bo, aiul 
often is, tlie “resultant” of several; but then they act ns om*, and only 
one ia jiceded. 

303. Laws governing the Motion of a Body moving under the 
Action of a Force directed to a Fixed Center ; Law of Areas, — ^ 
In this case it is obvious that the path of tho body will bo a 
curve, concave towards the oenter of force, and all lying in one 
plane willi tliat center. 

It is easy to prove, further, tliat it will move in such a ivay 
that its radius vector will describe equal areas in equal times 
around that jioint. 

' 'Imagine a body moving uniformly along tho .straight lino 

JSC, CL (the spaces descrihod in 





OKLlCS'ri AL M EC! 1 1 A K I C S 277 

succossiYO KORonds) aro all equal; then, wlioroYRr () niaj' bo, tho 
ti'ianglos AOJi^ BOC^ COL^ etc., arb all equal, luiYiiig equal 
l)aHe.s aiicl the common Ycrtox 0. A body in miiform reetUmmr 
motion tborefore describes with its radius vector equal areas in 
equal times around any point whatever. 

Su[)p()so, no\Y, that when the body reaches O a blow or 
impulse directed towards 0 is giYen, imparting a vclooity wliioh 
would carry it to K in one second if it had boon at rest Avhen 
struck. Tlio resultant of tlio original motion 6'X, combined 
witli the newly imparted motion 67v", is f 'A found according to 
the “parallelogram of Yolocitic.s” {Phymss., p. 18) by drawing 
KD and IJ.) parallel, rospoctlYcly, to CL and b'A', so that at the 
end of a second the body will 
arrive at D instead of going to 
i, and its Yolocity will liave 
become CD instead of JiC, 

Now tIvG area of the tri- 
angle COP equals that of 
COA, ho cause they have the 
ooiiimon base CO^ and their 
vertices are on a line, ilA, 
parallel to that hase^ making 
thoii* “altitude” the same. 

But COL ^ HOC \ therefore 
COD ^ COL. It follows, 
tlioniforo, that whm. a moviny body reoeivesi an hninihe direoled 
toiuanh a ffiven 2 Joint the area deicer ilwd bp the radiut^ waior in a 
se-fiond aroimcl that point remains unaliamjed ly that impulse. 

If the impulse had been directed from the point 0^ towards 
JP instead of jr, tlio result would havo been tbo same. The 
same reasoning shows that the area COjy is equal to COB. 

But if K were not on the radius veotor CO., tlie area umuld 
bo changed, increasing if CK lay between CO and 67v, and 
decreasing if between CO and CB. 
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304. Furtliermore, since a continuon.s force, like aUracUon, 
(Ureeted towards or from a fixed center, 0, may fie regarded as 
an niiinterrupted succession of little inipnlsos, each directed 
along the radius vector, we havo the perfectly general law that 
%o]ienever a body moves tindev the sole action of a force directed alontj 
the radins vector drawn from the body to a c6ntiyi\ the radius vector 
will describe around that center areas ])roportional to the time. It 

makes no difference according to wluit 
law the intensity of the force varies : 
it may bo attracUvo or repulsive, con- 
tinuous or intermittent, may vary as 
gravity docs or with comploto iiTcgn- 
larityj but so long as it never aet« 
except along tho radius vector the 
“areal velocity,” os it is called (i.e., 
the number of square feet or acres or 
square miles described by the radius 
vector in a unit of time), remains 
absolutely constant. 

Thus, in Fig. IIG, representing part 
of a comet’s orbit around the sun, if tlio arcs ab, cd, ef are cacli 
described in tlie same time, then the shaded areas are all equal. 

riie converse theorem is also easily proved, vik., that if u 
body moves in a curve in such a way that its radius vector 
drawn to a given point clesoribes equal areas in ecpial times 
around that point, then the force that acts upon tlto body is 
always ditected to that point. 

305. , Areal,. Linear, and Angular Velocities. — velocity 

has just been defined. The linear velocity of a body is Uic 
number of linear, units (feet, meters, miles) wliioh it moves 
over in a unit of time,,^say a second. Its symbol is usually Fi. 
The aiigular is the number of units of angle (radians, 

degrees, seconds) s\Yept over by the radius veolor in a unit of 
time. The usual symbol for this is at. 
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111 Fig. 117 if AB is the Usngtli of tlio piitk described in a 
unit of time, AB is the linear valoeily V; the angle ABB is the 
angular veloaitg, m ; and the area ABB is the areal veloeity^ whicli 
is constant. Calling this A. and regarding the sector as a tri- 
angle (which it is nearly enough), we have A. = L F X 2 ^ being 
the lino Bb drawn from tlie center of force perpendicular to the 
line of motion; so that if we i-egard AB ns the base of tlie 
triangle, is its altitude. Hepce, we have the equation 


F = ‘ 


2yl 


P 


a) 


Also, yl — i- rp ’3 sin yLS7L Since in a second of time the 
angle ABB, or w, is so small that it may bo taken eciual to its 
sine, and equals (sensibly) r\ we have 

- 2^^ /ON 

" ^ ^. 2 ' 


In every oa.se, tlieroforo, of motion under a central force, 
( 1 ) the areal veloeUy (square miles per second) in aonHiani in 
all parts of the orbit ; ( 2 ) tlie linear 
velocity (miles per second) varies iur 
versely as j>, the j)orpondicular drawn 
from the center to the line of motion ; 

(3) the angular velocity (radians or 
degrees per second) varies inversely 
as the square of the radius vector. 

These tln-ee statements are not 
independent laws, but simply differ- 
ent geometrical equivalents for one 
law. They hold good regardless of the nature of the force, 
requiring only that when it acts it acts directly toioards, or from, 
tlie center, along tlie line of the radius vector. 

306, Circular Motion, — In the special case when the path, of 
a body is a circle described under the action of a force directed 
to its center, hoth^tho linear and angular velocities are constant, 
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as is also the force, which is given hy the familiar formula 
already several times used : 

/=!- («); or /=4 7r=s (i). 

I’ r 

obtained by siibsli tilting for Tin equation {a) its value, 2'?n' 
(the ch’cuinference of the circle), divided b}* the time of 
revolution. As the orbits of, the ])rincipal planets are all 
nearly circular, these forinuhe will find frequent application. 

307. Kepler’s Laws. — Early in tlic seventeen tli century 

Kepler discovered, as unexplained facts, three laws which 
govern the motions of the planets, — ;laws wliich still boar his 
name. He worked them out from a discussion of the oh.^or- 
vations which Brahe had made through many ])reG(‘(l- 

ing’ years upon the planets. Mars especially. 'I'hey are iis 
follows i 

(1) '^rhe orbit of each planet is an ellipse with the sun in one 
of its foci, (See Sec. 160.) 

(2) The radius vector of each planet describes equal areas in 
equal times. 

(8) The squares of the periods of the planets are propor- 
tional to the cubes of their wean distances from the sunt i.o., 
ti^ : t^:'.a-^‘ a^^. This is the so-called “Harmonic ijaw.” 

308. To make sure that the stuileat apprehends the ineinnug and scope 
of this third law, wo add a few simple examples of its apjdication : 

1. AVhat would be the period of a planet having a mean distance from 
the sun of one hundred asbrouomienl units, i.e,, a distance a hundred times 
that of the eavH\? 

■ l«;t00«==12(year) : A®; 

\ylienoe, A' (in yenr.s) = VlO()» 1000 years. 

2. 'Whnt would be the distance from the sun of a iilauet having a 
period of 125 years? 

13(year) ; 126? = ; Y» ; whence X = Vr25« = 26 astrou . units. 
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8. What Avoulcl Tie fclic period of a satellite revolvijig close to the earth’s 
surface ? 

(moon’s dist,)'* : (dist. of satellite)” = (27.8 days)^ : 
or, GO” :!” = 27.32 !A2; 

whence, X = = l"24:n‘. 

Voo” 

The I-Iarmonic Law as it stands in Sec. 307 is not strictly Modification 
true: it would be so if the planets were mere particles, inlini- of 

. , 1.11 , . . taking 

tesiinal as compared with the sun; but this is not the ease, account of 
though the difference is so slight that Kepler did not detect it. 

Tlie accurate statement, as Newton showed, is masses. 

t^ (ilf + i«i) : {M + m^) = r^, 

in which ilf is the sun’s mass, and and are the masses of 
the two planets compared. In the case of Jupiter the correc- 
tion makes a difference of about two days in its period ; Le., its 
period is about two days shorter than that of a particle moving 
in the same orbit would be. 

309, For fifty years these laws remained an unexplained 
mystery. Many surmises, partly correct, were early made as 
to their physical meaning. Several persons “guessed” that the 
explanation would be found in a force directed to the sun; 

Newton proved it. He first demonstrated substantially, as 
given ill Sec. 803, the law of equal areas and its conver.se as 
being in the case of central motion a necessary consequence 
of the three fundamental laws of motion, which he had been Newton 
the first to formulate. Pie also proved by a demonstration a 
little beyond the scope of this book that if a planet moves in gi-avitation 
an ellipse with the center of force at its focus, then the force 
acting upon the body at different points in its orbit must vary ja^ivs. 
inversely as the square of the radius vector at those qjointsj and, 
finally, he proved that, granting the Harmonic Law, the force 
from planet to planet must also vary according to the same law 
of inverse squares, 
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310, For cinnilar orbits tlio proof is very simplo, 
Gfination (&) (Sec. 30 G) wo have, for the hrsi of two planets, 


/i 




in which /i is the central force (measured as an acceleration in 
feet per socoiul), and and fj are, respectively, the planet’s 
distance from the sun and its periodic time. 


For a second planet. 


/!• d 


y' „ j -2 13. . 
*'S ^ ^ P *2 

. <o 


Dividing the first equation by the second, we got 


A = ?jx 
A ^2 




lint, by Kepler’s third law, 


V = V*5 Y'honce 


f 2 

to t 
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A 'V 

i.e.j/ji./'a = ^ 2 ^: which is the law of inverse squares, 

III tlu! case of dliptical orbits tho proposition is o(]ually true 
if for?* we substitute «, the semi-major axis of the orbit; Imt 
tho demonstration is much more complicated. 

311. Inferences from Kepler’s Laws. — Prom Kepler’s laws 
wo may therefore infer, as Newton proved: Fint (from tiui 
law of areas), that the foroe loUoli detei'mincs the orhils of the 
planeis u directed toioards the sun, 

hfeco?id (from the first law), that the force tohioh acts upon anij 
given plamt varies inversely at different points in the orbit ^ as the 
square of the radius vector. 

'X'hird (from tlie Harmonic Law), that tXe force which itvtt 
upon one planet is the same that it would be for any other planet 
put in the place of the first; in other words, the attracting force 
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depends only on the masn and cUstanoe of the bodies (joneiirnocb 
tind is inde 2 )cndmt of their plu/sioal oondition^ sueli aa toinpera- 
tnre, chemical constiUition, etc. It makes no differciico pet 
detected in the motion of a planet around the sun, -whether it 
is hot or cold, made of hydrogen or of iron; hut it would bo 
going too far to say that tlie future may not yet show sonic 
slight dilforences depending upon such circumstances. 

313. Newton’s Test of his Theory of Gravitation by the Motion 
of the Moon. — When Newton first conceived the idea of uni- 
versal gravitation in 1665, he saw at once that the moon’s 
motion around the earth ought to furnish a test. Since the 
moon’.s distance (as was well known even then) i.s about sixty 
times tliG radius of the earth, the distance it should fall towards 
the earth in a second ought to be, if his idea of gravitation was 
11 

correct, or ■ ^ ■ - t of 193 inches (the distance which a body 
60“^ 3600 

falls in a second at the earth’s surface), provided wo assuino 
that the earth attracts as if its nnuss were all eolloctod at its 
center, — to prove which gaycj Newton niuoh trouhlo, and 
became possible only after his invention of “fluxions.” 

Now of 193 inches is 0.0635 inches. Doc.s the moon 
fall towards the earth, f.c., deflect froni a .straight lino, by this 
amount each second? 

According to the law of central forces, considering the nioon’.s 

orbit as circular, ,. , ,, , r 

■ = ItT'* X 

and the deflection is one Iialf of this, vi/.., com- 

pute tlio vQsnlt, making r — 2388d0 miles reduced to inchos, 
and t the inimhcr of .semonds in a sidereal month, tlio d(3fl(!Ction 
comes out 0.0531 inch, adifforcnco of only of an inch, — 
praotioally a complete accordance. 

Unfortunately for Nowton, wliun ha hist iimdii tliiw tost, the distaiu!»i of 
tho moon m 7nilt}s was not known, bcwuian tlio si ko of the (tartli imcl not 
then boon (Intoviniiunl with any ac'wnracy, Tho longtli of a <logroo was 
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.suppoRi'd in ])() iibout 00 ntilo8 iiistoacl of as it roally is. Ncwlon coin- 
puUsd Lln' raiHim of tho cartli on this orronoous basin nnd, imiUlplying it 
by 00, obtained for tho diataniio of tho moon, a (luaiitit.y about Hixteon 
per oont too nninll; from this lut calculatod a oorrcspouding dcilootioii of 
only about ()d)il iiudi. Tho djaoordanoo betwnoii thin attd 0.(15:15 was ton 
groat, and ho loyally abamlonod tho thoory as oontradictod by faots. 

Six yoavs lator, in 1(171, IMoard’s nnuisuvoinont of an arc of llio inoridiiui 
in I'Vanoit oonootod tho error in tint si/o, of tho oar(,h, and Kt'wlon «n 
hearing of it at oiieo repeated his oalcnlaLion, or tried to, for the .story goes 
that ho was loo excited to Anisii it, and a friend oomploltMl it for him, 
Tho acoordanco was now .satisfactory, and Int voHnmod the- subject with 
zeal and soon ostabtislicd the corroolness of his theory, 

It is to 1)0 noted that while dnoordance in ev(3n a singlo oaao 
would bo fatal lo tho theory, acGordanoo in a single case dou.s 
not provo it, but only makes it more or loss probal)lo. 'L’ho 
domonstratioii of tho law of gravitation lies in its entire aiicord- 
anoo, not with one or two solocteil facts, but with a countloHS 
multitude, and in its freedom from a single conlradiotion shown 
by tho most refined observations. 

Apparent contradictions have now and then crop])cd out, hut 
all have Eoiiiid explanation, except, perhaps, one slight diver- 
gence at present outstanding (in ilio motion of tho apsides of 
tho planet Morcury) which tlins far bafllos tho mathematicians, 
but will, in all probability, soonor or later disappear like its 
predecessors, 

313, The Inverse Problem. — Newton did not rest with merely 
showing that the motion of the planets and of tho moon could 
bo explained by the law of gravitation ; but ho also investigated 
and solved the more general imene problem and detorininod 
what hind motion ia neoeaaarg aooording to that law, lie 
found Unit tho orbit of a body moying around a central mass 
under tho law of gravitation need not bo a circle, nor ovon an 
ellipse of alight eooentribity dike tho planetary orbits. But it 
must be a Oonio, Whether it will bo a oirclo, ellipse, parabola, 
or hyperbola depends oii oiToumstances. 
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314. The Conics. — (1) The ellipsa is the section of a cone Timtwu 
made l)y a plane wliich cuts completely across it, as MF in 
Fig. 118. The ellipse varies in form and size, according to tlio 


position and inclination of the 
cutting plane, the circle being 
simply a special case when the 
section is perpendicular to the 
axis of the cone. 

(2) The Ilyperhola, AVhon 
tlio cutting plane makes with the 
axis an angle less than HVC 
(the 8emianf/le of the comi) it 
plunges continually deeper and 
deeper into the cone and 7iever 
oomes out 071 the oihei' side. The 
section in this case is an hypei'- 
hola., LtHK, If the cutting plane 
bo produced upward, it encoun- 
ters the other nappe of the cone 
(the “cone produced”), cutting 
out from it a second hyperbola, 
(f H'K\ exactly like the first, 
hut turned in. the opposite direo- 
tion. The pair of twin curves, 
G ILK and (f I are considered 
as two parts of the same hyper- 
bola, the axis of which, ILIV in 



1 


the figure, lies between the two Fia. iiH.— Tho Coni«B 

branches and outside of both, 


and is therefore always reelconed as negative. Tho center of 
tlie XJair of twin hyperbolas is tho middle X)oiiit of this axis. 

(3) The Fai'cilola. When the cutting xdano is parallel to the 
side of the 6Wie, as FliO, it never cuts in deeper, nor, on the 
other liand, does it run across the cone. Ufiio section in this 
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oaso is called a pnrahola^ which, so l-o spoiik, is Uio himiHhuy cr 
partition hctwcon tho ollipscs an<l hyporbohis wluoh oim lio c.ut 
Xroin a given cono l\y changing the inclination of a given piano. 
Tho least donccUoii of the cutting plane outward from tho 
parallel changes the para1)ola into an ellipse, and into an liyiier- 
bola, if inward. 


All piu’jiltolrts, of whuLovor .sizc>, innl out from wlinlcvi'r ('one, an n/ ihv 
Kami' shopr, iih all nirflos am, — a fantliy no inmnis oliviouH willumt iliMinm- 
sLration, Ihoiigli wo cannot give tlic proof horn. 'I'lii.s «1 o(‘h not inoan, 



howovur, Uiat nu are of ono iiarabola ia of tlio siimo Hliaim aa «»// ,ur »/’ 
another parabola (talcon from a diftoront part of tho curve), but that tlic 
compiele parabolas, cut out from inftnltoly oxloiulod coiioh, uro all Himilar, 
whothor tho cono bo sharp or blunt, orwhothor tho piano outs it noar to tu' 
far from its vortox, 

316 . The Ellipse, Parabola, and Hyperbola, — Fig, tt 9 hIiowh 
tho appearance and relation of these curves as drawn ujion a 
IDlane. The Mlipse is a “dosed curve” rotumiug into itself, 
and in it the sum o£ the ' distances of any point, iV, from tho 
two foci equals the major 'axis; id., W-j- 



CELKSTIAL MECHANICS 


2S7 


The llyperhola does not return into itself, but the two 
branches FN' and JM" go off into infinity, becoming ultimately 
nearly straight and diverging from each other at a definite angle. 
In the hyperbola tlie difference of two lines drawn from any 
point on the curve to the two foci equals tho major axis; e.«,, 
— 2fN’ = FA’, O’ F being tho semi-major axis, a, of the 
hyperbola. 

The Farahola, like tha hyperbola, fails to return into itself, 
but its two branches, instead of divergilig, become more and 
more nearly parallel. It has but one accessible focus and may 
be regarded either as an ellijise with its second focus, 2^’, 
removed to an infinite distance, and therefore having an infinite 
major axis; or, with equal correctness it may b(> considered as 
an hyperbola, of which the second focus, 1*'^', is pushed indori- 
nitely far in the opposite direction, so that it has an infinite 
(iiegative) major axis. . 

In tlio ellipse tho eccentricity ( ) is leu than unity. 

In tho Jiyporbola it is grealer tlian unity f J< 

In tlio parabola it is exactly unity ; in tho circle, zero. 

Tlio eccentricity of a conic determines its form. All parab- 
olas, therefore, are of the same form, as already said, as are all 
circles, Of ellipses and hyperbolas there is an infinite variety 
of forms, from such as arc so narrow as to be only a lino or a 
l^air of diverging linos, to those that are broad as compared with 
their length. 

316, The Problem of Two Bodies — This problem, proposed 
and completely solved l)y Newton, may bo tlius stated : 

Given the masses of hoo spheres and their positions and motions 
at any moment ; given also the law of gravitation : required the 
motion of the bodies ever afterwards and the data neetssary to 
compute their place at any future time. 

'rho matliomatical mctliods by whioh the problem is solved 
require tlio use of tlic calculus and must bo sought in works on 
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aimlytical moolianics and theoretical astronomy, l)Ut the general 
results are easily niiderslood. 

In the first plaee, the motion o£ the renter of gravity of the two 
l)OcUcs is not in the least affected by their mutual attnudion. 

In the next plaocy the two bodies will describe as orbits aroinid 
their common center of gnivity two eiirves precisely similar in 
forni-i hut of sko inversely propoi*tional to their masses^ the form 
and dimensions of the two orbits being determined by ihti masses 
and velocities of tlio two bodies* 
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If, as is generally the case in the solar system, the t\vc) 
bodies differ greatly in mass, it is oonvoniont to ignore the 
oenter of gravity entirely and to consider simply the relative 
motion of the smaller ono around the center of the other, lb 
will move with reference to that point precisely as if its own 
mass, ?«, had been added to the principal mass, i/, wliilo it bad 
become itself a mere particle. This relative orhii will bo pre- 
cisely like the orbit wliich m acUinlly describes around the 
center of gravity, except that it will bo nmgnilicd in the ratio 
of {fl + m) to d/ ; t.r., if the mass of the smaller body is of 
the larger one, its relative orbit around jM will bo just ono per 
cent larger than ils actual orbit around the common conlor of 
gravity of the two. 

317. Finally^ the orbit will always bo a conic,”, i.c., an 
ellipse or an hyperbola; bub which of the two it Avill lio depends 
oil three things, vix., the united mass of the two bodies (JZ-I- «i}, 
the distanee^r^ between m and Jtl at llie initial moment, and tlio 
veloGiiy^t of m relative to H/. 

If this velocity, T, bo less than a certain critioal voloeifcy, f/, 
which depends only on {M -p m) and r and is called the « [lara- 
bolic velocity ” or “ velocity from inlniity,” the orbit will bo 
an ellipse; if greater, it will bo an hjjyerbola. If, however, K 
and U should happen to ho exactly equal, the orbit would bo a 
parabola; but such exact equality is oxtronicly improbable,-— 
tlie obancQS are infinity to one against it, 
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Tho dirnution of the motioii of m witli respect to 21, while it 
has influence upon the/or/n of tlio orbit (its “eocontrioity ”), 1ms 
nothing to do witli determining its rijccUs and Hemi-major axh 
nor with its period in case the orbit is elliptic ; these are all inde- 
pendent of the direction of w’s motion. 

The problem is completely solved. .From the necessaiy initial 
data corresponding to a given moment we can determino the 
position of the two bodies for any instant in tlie eternal j)asfc or 
future, onlp that no force except their mutual attraation 

acts upon them in the tme covered hy the calculation, 

318. The Parabolic Velocity, — The parabolic velocity at the 
distance r is also called the “velocity from infinity,” beoause it 
is the 'Speed which would be acquired by the particlo m in falling 
towards the mass 21 from an infinite distance to the distance r 
from jjf, — assuming, of course, that 21 is fixed and that m 
starts from rest and during its fall is not acted upon by any 
force excepting the attraotion between itself and 2I\ It might 
bo supposed that this velocity would ho infinite, but it is not so 
unless r becomes absolutely zero. It i.s given by tho formula 

V,} = ^ or simply 

when m is infinitesimal as compared with 2f. (For a demon- 
stration of this formnla the reader is referred to works on ana- 
lytical mechanics.) 

In this formula /c is a corns taut wliioh depends on tho mass of 
iy and on tho units of measnrenient employed. If wn take the 
mass of tlio aim as tlie unit of mass and the radius of tho earth as 
tho unit of distance for r, it becomes 20.156 niile.s per second, and 
wo liavo foi’ the parabolic velocity due to tlio sun’s attraction on a 
particle falling from infinity to the distance r, 

f/,. (miles per second) = 26.166 VjT’ 


and 




6 84.14 

r 


{ 2 '} 


1 Ur nigiiilios “ imvabolic velooity iit cllstanoo r.” 
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If the mass of the sun were four times as great, the cooffi- 
cient would be douhlad, since, according to Qtj^uation (1), U varies 
with the square root of M. At a clistanco one fourth that of 
the earth from the sun, r would hecome one ftmrth and tho 
paraholic velocity would also bo doubled. At the distauco of 
Neptune, where r ~ 30.05, U is only -1.77 miles per second. 

319, Formula (1) enables us to coiiqmto tlio parabolic velocity ril tliR «»>'- 
face of any body whose mass and radius arc Icnowu. In the case of UuJ flun 

M = 1 mid r = '-13112^0 - 03 000000), so that at tlm aun's Bur- 

iaco 1/ = 383,2 miles per second ; if a body avoi’c ojneted from the sun with 
a speed exceeding this, it would go off and never return. 

For the earth, U = and r = (Hec. 22fi), and from cqmir 

tion (1) wo find f/ at the earth's surface equals (i.i) miles per second. 

At the surfaca of tlio wioon a similar comiuitaticm gives IT as only 
1.48 miles, or less than 8000 feet per .second, A body projected from tho 
moon with a speed greater than this would never return, and it will ho 
recalled that in this fact probably lies the explanation why llto moon hna 
lost her atmosphere. 


330, Relation between the Parabolic Velocity and the Nature 
of the Orbit of a Body revolving around the Sun. — ^From Uioo- 
retical astronomy (Watson, p. 49) we have tho equation 




2/i “■ r vf 


( 3 ) 


a being the semi-major axis of tlio orbit of a l)ody, r,, tho volooit^' 
of the body in its orbit at a point whose radius vector is r, and 
fi a constant which equals ^jITk^ — tho k of equation (1), Ifrom 
equation (1), i)/«^ = r X (Tj^^ so tliat /a = ^ rbTf, Substituting this 
value of jw in equation (8), we find at oneo 



This equation is of great importanco, since it shows that 

the sjjccies of llie orbit is determined solely by the differenco 

between IT^ and VK 
¥ 
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If the denoininatoi' of the fraction is positive^ the value of a upon tlm 
will be positive and the orbit will be ellipse. This is the 
case when T^,,, the orhital velocity at the distance r, is less than jvnd ra at 
U^y the paraholio velocity at that distance, distuuco r. 

If, on the other hand, is greater than f/., the denomi- 

nator becomes negative., and so does rt, and the orbit is an 
liyperhola. 

If F,. exactly equals f/ , the denominator becomes zero, a becomes 
infinite, and the orbit is a parabola, This explains why U is 
called the “parabolic velocity”: at every distance from the 
sun the velocity of a body moving in a parabola is precisely 
what it would have acquired in falling to that point from an 
infinite distance under the sun’s attraction. 

If the orbit is aii ellipse, the velocity at every point in the 
orbit is less than the parabolic velocity, and greater if the orbit 
is an hyperbola,^ 

In order that a planet may move in a circle around the sun, Condition 
as the principal planets do very nearly, a must equal r, and equa- ‘ 

tion (4), by substituting r in i^lace of ft, gives 

2 ^ ~ U'^ ~ F^ 


-25 


wlience, F® = J and V = 2/Vi =! 0.7071 X 2/; i.e., the velocity 
of a body moving in a circular orbit is equal to the parabolic 
velocity multiplied by VJ, 

Vice versa, 2/= fV 2, and hence the parabolic velocity at 
distance unity (that of the earth from the sun) equals the eartli’s 


1 Tho oxpi'CHslon for tlio eocentriclly is more coinplicalod tlmn that for llio 
seint-major axis, since it Involves tho angle y between Uio radius vector and tlio 
tangent drawn at its oxlroinity. Tho equation is 


c2 = l 


r/H'“ i/« ) 


sin® 7 . 


The ocoentriclty is therefore greater than', less than, or equal to unity, according 
as (I/® — F®) Is positive or negative. It will ho noticed also that no lino nr 
quantity (r or «) enters into tho expression, which dotovpdnes only the form 
and not the aine of tho ui'hll. 
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orbital velocity, 18.6 miles x V2 = 20.1(1 miles j^er socontl ; and 
this is the way in which tlie constant k is usually computed. 

321. The Expression for a Planet’s Period. — From theoret- 
ical astronomy (Wahson, p. 46) wo have tlie equation 

f = 2 TT X — (5) 

where t is the periodic time. 'Phis embodies Kepler’s third 
law, and .shows tliat all planets moving in ellipses and liaving 
the same mftjor axis will have the same period, notwithstanding 
differences in tlie eccentricit}' of tlieir orbits. 

Also that if a is infinite, as in the jHirahola^ the period is 
also infinite. 

Also that in the hyperhola (in whicli a is negative) the period, 
since it involves the square root of the negative quantity a®, is 
imaginary^ i.e.^ in tliis case impossiUo, 

Wlien a hocly is moving in a parabola ( = V^) tlie least 
decrease of V hy a disturbing action will transform tlie orbit 
into an ellipse with a definite period, or an inoroaso of velocity 
will make it an hyperhola. 

Again, if a planet moving in a circular orbit should havo 
its speed increased in a ratio greater than that of the square 
root of 2 to 1, say ono and one-half times, it would go off iu 
an hyperbolic arc and never return. 

Finally, if a planet were to explode at any point iu its orbit, 
all the ineces, except those which had a velocity greater than the 
parabolic velocity at the point of explosion, would luovo around 
the sun in ellipses, and at every revolution would pass through 
the point whore the explosion occurred ; moreover, any frag- 
ments which Avere thrown off Avith equal volocitie.s Avoiild have 
tlie same period and after a single oircuit around the sun Avould 
arrive there simultaneously. 
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EXERCISES 

1. Given a comet moving iu an ellipse witli the eccentricity 0.5. Com- 
pare the velocities, both linear and angular, at the perihelion and aphelion. 

J Lin. vel. at perilieliou is three times that at nplielion. 

^ ur> « K « jijjjg (( a « K 

2. What would be the result if the eccentricity were ? what if it 

were it? ' 


3. What would be the periodic time of a small body r(Jvolving in a circle 
around the sun close to its surface? (Apply Kepler’s Harmonic Law.) 

/!».<?. 2''47”bd-. 


4. What would be its velocity? Ans. 270.8 mih's a .second. 

6. If the earth had a satellite with a period of 8 moiith.s, what would its 
distance be? An.s. Four times that of tlie moon. 

6. If tlupiter were reduced to a mere particle, how much would its 
l^eriod he lengthened? (Consider its mass to be TuV* of the suu’.s, aiul 
.see Sec. 308.) 

Solulion. Let x ho the new period ; then, 

= r® : r® = 1 : 1, since r is not changed. Whence, 

lUdo 

* ~ ^ ^ ^ ^ tAj H- etc.) ~ f (1 + j), very nearly. 

But I = 4.832.0 days, and (» - i) = = 2.007 days. Ans, 

7. How much longer would the earth’s period be if it were a more 

particle? A».i. of a year, or 47.8 sec. 

8. If tlie sun’s mass wei'e a hundred times greater, what would be the 
parabolic velocity at the earth’s distance from it (Sec. 318)? 

yta-f. Ten times its present value, »./?., 2(51.0 miles n second. 

9. If the sun’s mass were rtuliiced 50 per cent, what would be the para- 
bolic velocity at tlie distance of the earth? A«.s. 18.5 miles a second. 

10. If the sun’s mfi 3 .s W'cro to bo .suddenly reduced by 50 per cent or 
more, what would be the effect upon the now practically circular orbits of 
the plaiuds? (See See. 320, last paragraph.) 
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11. lYlmt would bo the citect upon tho orbit of the oavtli if tlio huu’s 
mass were suddenly douVdedV 

./1ns. It would hiimediatoly become an eccentric (dlipse, witli its 
aphelion near the point whore tlio earth was whim tlie change occnirred. 

12. Let F,. bo the velocity iii an orbit at a point where tho radius vector 
is r, and let U,. and fL,, he the paraludic velocities at iliMtanoes r and 2« from 
the sun, o being the .semi-niajor sixi.s of the orbit. Sliow tliat 

V,^ = U,? ± U„J. 

The phis sign applies if tho oi'bit is an hyperbola, tho minus sign if it Is an 
ellipse. 

In words this may bo stated thus (since tho enei’f/y of a moving body is 
proportional to the square of its velocity) : 

The'enevotf of a body moving in an orbit under gravitation, when at a distance 
V from the center (if attraction, equals the energy it looxiUl have acquired by falling 
to r from h\flniiy ± the energy U would have acquired by falling from U\flnity 
to the dfsiance 2 a, the major axis of the orbit. 

THE PEOBLEM OP THHEE BODIES: PEETUEBAXIONS 
AKD THE TIDES 

322. As lias been said, the problem of two bodies is coniplotoly 
solved; but if instead of tioo spheres attracting each other wo 
have three or more, tho general problem of detornnning tlioir 
motions and iireclioting their positioii.s transeeuds tlie present 
power of human mathematics. 

“Tlie problem of three bodies” is in itself as determinate ami 
capable of solution as timt of two. CtIvgii tho initial data, 
the masses, positions, and motions of the three hodies at a ffiwn 
instant ; then, assuming the law of gravitation, their motions 
for all the future and the positions they will occupy at any 
given date are absolutely predotoriniiiGd. The dtjJioMliy istoUh 
onr matliematm. 

But while the general problem of three bodies is intractable, 
nearly all the particular oases of it whieli arise in tho considcra" 
tion of the motions of the moon and of the planets have already^ 
been practically solved by special devices, NoAvton himself 
leading tho way ; and the strongest proof of the truth of the 
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theory of gravitation lies in the fact that it not only acoonnts 
for the regular elliptic motions of the heavenly bodies, but 
also for their apparent irregularities. 

323, It is quite beyond the scope of this work to discuss the 
methods by which we can determine the so-called “ disturbing 
forces” and the ejects they produce upon the otherwise elliptical 
motion of tlie moon or of a planet. We make onl^ two or three 
remarks. 

Mrst^ that the “ disturbing force ” of a third body upon two 
which are revolving around their common center of gravity is 
not the tohole attraction of the third body upon either of the two, 
but is generally only a small component of that attraction. It 
depends upon the difference of the two attractions exerted hy the 
third body ujwn each of the pair loliose relative motions it disturbs^ 
— a diiference either in intensity^ or in direction^ or in both. 

If, for instance, the sun attracted the moon and earth alike 
and in parallel lines y it would not disturb the moon’s motion 
around the earth in the slightest degree, however powerful its 
attraction might be. The sun always attracts the moon more 
than twice as powerfully as the earth does; but the sun’s 
disturbing force upon the moon when at its very maximum is 
only one ninetieth of the earth’s attraction. 

Tlio tyro is apt to be pnz/Jod by thinking of the earth as fixed while the 
moor^ revolves around it ; he reasons, therefore, that at the time of now 
moon, when the moon is between tbe cavtb and sun, the sun would neoes- 
savtly pull her away from xis, if its attraction n'ove really double that of tlio 
earth; and it would do so if Hie earth n>era fixed. Wo must think of the 
earth and moon as both free to like chips floating on water, and of 
the sun as attraoting tlunn both with nearly equal power, — the nearer of 
the two a little more strongly, of course. 

324. Seconds it is only by a mathematical fiction that the 
“disturbed body” is spoken of as “moving in an ellipse”; it 
never does so exactly. The path of the moon, for instaiioe, 
never returns into itself. 
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But it is a great convenience for the purposes of computation 
to treat the subject as if the orbit were a material wire always 
of truly elliptical form, having the moving body strung upon it 
like a bead, this “ orbit ” being continually pulled about and 
changed in form and size by the action of the disturbing forces, 
taking the body with it, of course, in all these changes. This 
imaginary orbl?fc at any moment is for that moment a true instavr 
taneow& ellipse of determinable form and position, but is con- 
stantly changing. It is in this sense that we speak of the 
eoceiitricity of the moon’s orbit as continually varying and 
its lines of apsides and nodes as revolving. 

Tlio student must bo caroful, howovor, not to let this wire theory of 
orbits got so strong a hold upon the imaginntion that lie begins to think 
of tlio » orbits” as material things, liable to collision and damago. An 
orbit is simply, of course, the path of a body,’ like the track of a ship upon 
the ocean. 

326, Thirdi the “disturbances” and “perturbations” are such 
only in a technical sense. Elliptical motion is no more natiiral 
or proper to the moon or to a planet than its actual motion is; 
nor in a philosophical sense is the pure elliptical motion atty 
more regular (id,, “rule-following”) than the so-called “dis- 
turbed” motion. 

We make the remark beenuse -wo frequently meet the notion that the 
"perturbations" of the heavenly bodies arc Imperfections and blemishes in 
the system, One good old theologian of our aequaintauco used to maintain 
that tlioy -were a consequence of tlio fall of Adam. 

326. Lunar Perturbations. — • The sun is the only body which 
sensibly disturbs the moon; tho planets are too small and too 
distant to produce directly any effect which can be noticed, 
though indirectly by their effects on the orbit of the earth they 
make themselves slightly felt — at second-hand, so to speak. 

The disturbing force due to the solar attraction can bo easily 
computed at any moment by methods indicated in the General 
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Astronomy^ but we shall not enter into that subject. Tliis 
force is continually changing in amount and direction, and the 
student can readily understand that the accurate calculation of 
the summed-up efCects of such a variable force in changing the 
orbit of the moon and her place in the orbit must be extremely 
difficult. For the most part, however, the disturbances are 
periodic^ running through their phases and repeating themselves 
at regular intervals, so that they can be expressed by trigono- 
metrical series. Over one hundred of these separate “inequali- 
ties,” iis they are called, are now recognized and t;aken account 
of in the construction of tlio Nautical Almanac. 

We mention a few only of the moon’s disturbances, — those 
which are largest and most important, two or three of which, 
especially those which affect the time of eclipses, wore discov- 
ered before the time of Newton, though not explained. 

327. Ejffect on the Length of the Month; Revolution of the 
Line of Apsides ; Regression of the Nodes. — (1) Mffeot on Length 
of the Month, On the whole, the action of the sun tends to 
lessen the effect of the earth’s attraction on the moon by about 
virtually diminishes in equation (6) (Sec. 821), 
and this increases i, the period or length of the month, by about 
part, 'riie month is nearly an hour longer than it otherwise 
would be at the moon’s present distance from tlio earth. 

(2) Eevohition of the Line of Apsides, According to the 
“age” of the moon at the time when it passes the perigee or 
apogee, the sun shifts the lino of apsides for that month, some- 
times forward (eastward) and sometimes baclcwardj but in the 
long run the forward motion predominates, and the lino moves 
easUvard and completes a revolution in 8.866 years. 

(8) The liegression of the Nodes, This has already been 
repeatedly mentioned. Speaking gen er ally, the action of the 
sun on the whole tends to draw the plane of the moon’s orbit 
towards the ecliptic; but, much as in the case of iwocossion, 
the effect is not felt in any permanent change of the inclination 
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of the orbit, but shows itself in a westward ahiftinfj of the node, 
which carries it around once in 18.6 years. 

328 . Periodic Inequalities. — ( 4 ) The Evectmu This is an 
irregularity which at the maximum puis the moon forward or 
backward in its orbit about 1 J°, and has for its period about one 
and one-eightli years, the time required for the sun to complete 
a revolution from the line of apsides of the moon’s orbit to the 
same line again. It is the largest of tlio moon’s periodic pertur- 
hations and was discovered by Hipparchus al)out 160 ito. It 
was the only perturbation known to the ancients and may affect 
the time of an eclipse by nearly six hours, making it from three 
hours early to three hours late. 

It depends upon an alternate inevease and decrease of ihe eocen- 
tricity of the moon's orhit, which is always a maximum when ihe 
sun is passing the line of apsides, and a minimum when half- 
way between them. 

(5) The Variation. This is an inequality with a period of 
one synodio month and reaches its maximum of about 40^ at the 
octants^ ie.i the points 45° from new and full moon. At the 
ootants foUowiny the new and full the moon is about 1‘‘20'" 
ahead ofthne^ and at the octants preceding as much behind time, 

This inequality was deteoted by Tycho Brahe about 1680, 
though there is some reason to suppose that it had been dis- 
covered some five hundred years before by an Arabian astrono- 
mer (Aboul Wefa) and lost sight of. It becomes zero at the full 
and new moon, and therefore does not affect the time of eclipses. 
For this reason it was missed by the G-reek asironomovs. 

(6) The Annual JSquation. This is the one remaining ine- 
quality which affects the moon’s place by an amount peroop- 
tible to the naked eye. At the maximum it is about 11', with 
a period of one “ anomalistic year ” (Sec. 182). 

It depends upon the fact that when the earth is nearest the 
sun, in January, the sun’s disturbing off eel on the moon is 
greater than the average, and the month is longtlionod a little 
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more than usual ; and vice versa wheji the sun is most distant, 
in July, For half the year, therefore, from October to April, 
the moon keeps fallinu heliind^ while in the other half of tlio 
year the month is slightly shortened and the moon gains. 

For more detailed geometrical explanations the stnclent is referred to 
the General Aslromnuj and to Hersehol's Ouilinea of A slronotny, or to works 
on celestial incolianics for their analytical discussion, 

329, The Secular Acceleration of the Moon’s Mean Motion. — 
Among tiio multitude of leaser inequalities of the moon’s motion 
this is of special interest theoretically and is still in some respects 
a “bone of contention” among astronomers. It was discovered 
by Halley abont two hundred years ago. From a comparison 
of ancient with modern eclipses, he found that the month is now 
certainly shorter tlian it was in the days of Ptolemy, and that 
the shortening has been progressive, the moon at present being 
about a degree, or two lionrs in time, in advance of the position 
it would occupy if it had kept its motion unclmnged since the 
Christian era. So far as astronomers could see at the time ol; 
tiio discovery, the process would oontinue indefinitel}’', — in seeiila 
seoulonmi; hence the name. 

Laplaoe about 1800 .showed that this effect can bo traced to 
the change in the eccentricity of the earth’s orbit, Avhich is at 
j^resent diminishing (See. 164). Since tiio major axis remains 
unaffected, decrease of eccentricity implies an incrense of the 
breadth (minor axis) of the ellipse, of its area also, and therefore 
of the average distanee of the earth from the siin during the 
year. From tins increased distance between earth and sun fol- 
lows a decreased lengthening of the month by the sun’s disturbing 
action (Sec. 827). This practically amounts to the shortening of 
the month, which shortening will continue as long as the eceon- 
tricity of the oavth’.s orbit continues to diminish, — about 24000 
years, when the eifect will coaso and be reversed. 

The theoretioal amount of this acceleration of the mooii’.s 
mean motion is about 6" in a century, while the actual value. 
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according to different estimates depending on comparison of 
modern with the much less accurate ancient obsorvations, is decid- 
edly larger, — 8'^09, according to Stockwcll. The discropaucy 
is now generally ascribed to a slight lengthening of tbo day, 
diminishing the numher of seconds in a month and so malcing 
the month apimrently shorter, as containing a smaller number 
of seconds. Such a lengthening of the day could bo accounted 
for by a retardation of the earth’s rotation due to tlie friction of 
the tides (Sec. 346), but the actual difference wliicli ought to be 
ascribed to this action is as yet very uncertain. 

For an excellent nou-Uichnical account of the matter, sou NowoduiIi'h 
Popular Astronomy^ p, 

330. The Tides. — Just as the disturbing force of the sun 
modifies the intensity and direction of the earth’s attrivetion on 
the moon, so the disturbing forces due to the attractions of the sun 
and moon act upon the liquid portions of the earth to modify 
the intensity and direction of gravity and generate tiie tides. 

These consist in a regular rise and fall of the ocean surface, 
generally twice a day, the average interval between corresiiond- 
iiig high waters on successive days at any given place being 
24*‘61'’'. This is precisely the same as the average intei'val 
between two successive passages of the moon across tbo meridian, 
and the coinoideiice, maintained indefinitely, makes it oortaiu 
that there must he some causal ooniieotioii between tlio moon 
and the tides; as some one has said, the odd fifty-one ininutos 
is “the moon’s earmark.” 

That the moon is largely responsible for the tides is also shown 
hy the fact that when the moon is in pevigee^ i.e,^ at tlio nearest 
point to the earth, they are nearly twenty per cent higher than 
when she is in apogee. The highest tides of all happen when 
the neiv ovftill moon oggwvs at the time wlien the moon is in 
perigee, especially if this porigeal now or full moon ooours about 
the first of January, when the earth is also nearest to the sun, 
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331. Definitions* — While the water is rising it is Jlood-iidf^ j 
when falling it is ehh. It is Ugh imtor at the moment when 
the water-level is highest, and low water when it is lowest. The 
spring-tides are the largest tides of tlio month, whioh occur near 
the times of new and full moon, while the neap tides are tlio 
smallest and occur at half-moon, the relative heights of spring 
and neap tides being about as 7 to 3. 

At the time of the spring-tides the interval between the oor- 
reaj)ondi])g tides of successive days is less than the average, 
being only about 24*‘38'“ (instead of 2T*61“'), and then the tides 
are said to prime. At the ncai) 
tides the interval is greater than 
the mean, — about 26^*6”*, — and 
the tide lags. 

The estahlishmcnt of a port is 
the mean interval between the 
time of high water at that port 
and tlio next preceding passage 
of the moon across the meridian. 

The » establishment” of Now York, for instanco, is 8’‘18"'} 
^.e., on tlie average, high water occurs after the moon 

lias passed the meridian] but the actual interval varies fully 
half an hour on each side of this moan value at differoiifc 
times of the month, and under varying condition.s of tlio 
weather. 

332. The Tide-Raising Force. — If we consider the moon 
alone, it appears that the effect of her attraction upon the earth, 
regarded as a liquid globe, is a tondonoy to distort the sphere 
into a slightly lemoii-shapod form, with its long (liiimotor ])oiiit- 
ing to the moon, raising the level of the water about ^ /cef, both 
directly under the moon and on the opposite side of the oartJi 
(at A and ./?, Fig. 120), and very slightly depressing it on the 
whole great circle wbicli lies half-way between A and B. D and 
B are two points on this circle of depression. 
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Students seldom find any difiiciiliy iu seoing tliat tlio moon’s 
attraction ought to raise the level at jI j hut tlioy ofU’ii <lo Jmd 
it very hard to understand why the level should al.so ho i’liisod 
at S. It seems to them tliat it ought to bo more doun'sstttl just 
there than anywhere else. Tlio iny.story to them Is how the 
moon, when dirootly underfoot, can exert a li/lhii/ foi-oo huoIi as 
would diminish one’s weight. 

The trouble is that the student thinks of tb(i solid jiart ol llu^ 
eaiih as Jixed with reference to the moon, and tlio water aloim 
as free to move. If this were the eiwo, ho 
would bo oniiroly riglit iu supposing that at // 
gravity would be incronsed by tlio oiirth’s attmo- 
tion instead of diminished j tbo oartb, liowovor, 
is not fixed, but perfectly free to move. 

333. Explanation of the Diminution of Gravity 
at the Point opposite the Moon. — (Imisiclor tliroo 
imrtiolos (Fig. 12t) at7i, C, and -'1, moving witli 
equal volooitios, Jih^ and Uti, but iindov tbo 
action of the moon, which atlraots J nioru 
power Piilly than 0 and 0 loss so. 'I'hon, if tbo 
particlos have no bond of ooiinootlon, at the oud 
of a unit of time they will bo at //', and A\ 
having followed tbo curved paths im Heated. Dut 
since A is nearest the moon, its path will bo the most curved of the 
three, and that of Ji the least curved. U is obvious, tlioroCoru, 
that the distances of both B and A. from 0 toill have him inn'raml; 
and if they were oonnootod to G by an elastic cord, the m'd would 
he stretched^ both A and JB being relatively pulled away from ( ' 
by practioally the same amount. We say relalwelyy booauso C is 
reaUy pulled away from 7?, rather than Ji from 6', — G being 
more attracted by the moon than 77 is ] but tho moon’s attraction 
tends to separate the two all tho same, and that is tho point. 

334, The Amount of the Moon’s Tide-Raising Force. — Whun 
the moon is either in the Konith or nadir tho woiglit of a body 


Fig. 121. — Tlio 
Tldo-Balsing Forco 
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at the earth’s surface is cUminuhcd by about one part in eight 
and a half millions, or one j)oiuicl in 4000 tons. 

At a point which has the moon on its horizon it can bo shown 
that gravity is inor eased by just Jialf as mncli, or about one 
seventeen millionth. 


Tho computation of the moon’s lifting force at vl and B (Fig. li^O) is 
as follows : The distance of tlie moon from the earth’s center is 00 eartli 
radii, so tliat tho distances from A and B are fiS) and 01, rospeotivoly, Tho 
moon’s mass is about of tho earth’s, 'ralcing ff for the force of gravity 
at the surface of the earth, we liavo, t lien i fore, attraction of moon on 


A = 


(J 


80 X 5D3 
From this we find 


attraction on C = 


. „Hl o„ II = 




Several attempts have been made within the bust twenty 
years to detect this variation of weight hy direct experiment, 
but so far unsuccessfully, The variations uro too small. 

Tlie moon’s attraction also produces every where, oxoopt at 
J, 7i, Z>, and JC (Fig, 120), a tangmitial fovea which urges tlio 
X)artiole.s along tho surface towards tho lino AB and i^oworfully 
cooperates in the tide-making. 

336. The Sun’s Tide-Producing Force. — Tho sun acts pre- 
cisely as the moon does, but, being nearly 400 times as far 
away,i its tidal action, notwithstanding its onormoua mass, is 
less than that of tlie moon in tho proportion of 2 to 5 (nearly). 
At new and full moon the tidal forces of tlio sun and moon eon- 
synVe, and wo then have tho spring-tides^ wliile at guadraturo 
they are optposed^ and wo get tho neap tides^ their relative heights 
l)eing as (6 + 2) to (6 — 2), I'he prioning and lagging of tho 
tides (So(5. 881) is also duo to tlio sun’s influoneo. 

336. Condition for Permanent Tides. — If the earth wore 
wholly composed of water, and if it Icopt always tho saino 

* It can bo proved tlmt tlio “ Udo-prediiolng forco " of a body varloH invorwoly 
as tlio cube of its distance, and directly as Its mass. 
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face towards the moon (as the moon does towards the earth), 
80 that every particle on the earth’s surface wore always snh- 
jected to the same disturbing force from the moon, then, leaving 
out of account the sun’s action for the present, a ^permanenl 
tide would be raised upon the earth, as indicated in Fig. 120. 
The difference between the level at A and I) would in tliis case 
be a little less thayi ^ feet, 

337. Effect of the Earth’s Rotation. — Suppose, now, the oarth 
to he put in rotation. It is easy to see that the two tidal wavfss 
A and B would move over the earth’s surface, following tlui 
moon at a certain angle dependent on the inertia of the waten* 
and tending to move with a westward velocity precisely 0 {{ual 
to that of the earth’s eastward rotation, — about 1000 miles an 
hour at the ec[uator. The sun’s action would produco similar 
tides superposed upon the lunar tides, and about two fifths ns 
large; and at different times of llie month these two pair’s oC 
tides would be differently related, as has already boon explained, 
sometimes conspiring and sometimes opposed, 

If the earth were entirely covered with deep wator, the tide- 
waves would run around the globe reguhirly, and iC the depth 
of water were not less than 13 wiZes, the tide crests, as can bo 
shown (though we do not undertake it hero), ivould foUoto the 
moon at an angle of just 90°, It would ho high Avaicr procisoly 
where it might at firat he supposed we should got low water, 
the place of high water being shifted 90® by the rotation of tho 
earth. 

If the depth of the water wore, ns it really is, muoh loss than 
13 miles, the tide-wave in the ocean oould not keep up with the 
moon, and this would oomplioato tho result. Moreover, tho con- 
tinents of North and South America, with tho southern antarc- 
tic eontipent, make a barrier almost complete from polo to polo, 
leaving only a narrow passage at Capo Horn. Consider also 
the varying depth of the water of the different oceans and tho 
irregular oontoui’s of the shores, and it is evident that tho whole 
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oomhination of (ur<!iin)«tiuu!o« inukoK itriuito iiinio.sHihh) liMlnUd-' 
niiiio ])y llioory wimt tlio (umr-so and (iliuvaotiu’ <tf tlio tidti-wiivoK 
imisb 1 k5. Wo tiro oliligod to depend upon olworvationH, tuul 
observations are more or loan inadotinate, btaniUHt?, witli lln> 
excop tion of a few islands, our only possible litb' Htations are 
on the sborus tif oontinonts where local cirennistamioH largely 
<!ontrol the plieiioniemi. 

338. Free and Forced Oscillations If the water of the 

otioan is suddenly’’ distuvlsid, as, for instatnu), by an tairtlnjuakts 
and tixni left to itsidf, a “ frtai wavt>” is forimul, wine, Ii, if the 
hori'/ontal diinensionH t»f the wave art* large iis eonipared with 
tlie dejith of th(» water, will trtivi'l at a rate th'pi nilhnf hoMi/ on 
the depth. 

ItvS voloeity is equal, as (am lie jirovtal, to {,\h) veloeili/ mupured 
hi/ a hod// in ffdlm// throuf/h huff the depth of the oeeun / nr., 
V— • v^t, whore h is (be deplli of the water. 

OliHia-vul'iiniH aiHHi \VHv«tH (!uuM(‘d by eerliilu (niiilapmlteN in .South 
Aaim'iitti tuid .In) Mia liiive Diiin iiifoi'iunil uh Mint bntwnnii (bn eoitHlH of 
llumo (umatriitH ilia Pnoilb! nverngen belweea iiikI JI iiiilim in iloptli. 

Now, as tile moon in its apparent diurnid motion pasHiss nerosH 
the Amerieau (mntinent oaeh day and eomes over the Paeilkj 
C)(}Ojin, it Hbirts siieh a “parent” wave in the Paoille, ami a 
seciond one twelve hours later. 'I'hese wimjs, onee star tod, 
move on neari// (lint not exactly) like a free earthquake wave, 
— not ejuietl//i beeause ibo velocity of the oar ill’s rotation being 
about 1050 miloK an hour at the (!<]nator, the moon nuivus 
(relatively) westward faster than the wave can naturally follow 
it, and so for a while the moon slightly aecelerates the wave. 
The tidal wave is Urns, in Uh orU/hu a “forced osuillulion” ; in 
its HubMeipumt travel it is very nearljs but not outmdy, “ free.” 

339. Co tidal Lines, — (k:i tidal lines are lines drawn upon the 
surf nee of tlie ocean can meeting points whieb have their hi/jh 
water at the Hawe movnmt of Oroenwwh tme, They mark tiio 
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crest of the tide-wave for every hour, and if we could map thorn 
with certainty, we should have all necessary information as to 
the actual motion of the tide-wave. 

Unfortunately we can get no direct knowledge as to tho i)oai- 
tion of these lines in mid ocean j we can only tie term ino a few 
points here and there on the coasts and on the islands, so that 
much is necessarily left to conjecture. lUg. 122 is a reduced 
copy of a cotidal map, borrowed by permission, w'ith some modi- 
fications, from Guyot’s Pliysioal 0eogrwpliy. 
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340.' Course of Travel of the Tidal Wave. — In studying tins map W(i 
find that the main or “parent” wave starts twice a day in the I’aciftc, off 
Callao, on the coast of South America. I'his is shown on the olutrli by a 
sort of oval “eye” in the cotidal lines, just ns on a topographical oliavt tim 
summit of a mountain is indicated by an eye in the contour lines. From 
this point the w'ave travels northwest through the deop water of tluj I'aciflo 
at the rate of about 850 miles an hour, reaching Kamchatka in l;<m hours. 
Through the shallower water to the west and southwest the velocity is only 
from 400 to 600 miles an hour, so that the wave ai'rive.s at Now Jioalanil 
about twelve hours old. Passing on by Australia and combining with tlio 
small wave which the moon raises directly in the Indian Ocean, the result- 
ant tide crest reaches the Caiie of Good Hope in about twtmty-iiine hours 
and enters the Atlantic. 

Here it combines with a smaller tide-wave, twelve hours younger, which 
has backed into the Atlantic around Capo Horn, and it is also niodillisd 
by the direct tide produced by the moon’s action upon tho Atlantio. '.riui 
tide resulting from the combination of these three then travels northward 
through the Atlantio at the rate of nearly 700 miles an hour. It is about 
forty hours old, reckoning from tlic birth of its principal component in 
the Pacific, when it first reaches the coast of the United States in iriorida ; 
and oilr coast is so situated that it arrives at all tho principal ports within 
two or three hours of that time. It is forty-one or foriy-two hours old 
when it reaches New York and Boston. ^ 

To reach London it has to travel around the northern end of Sootlaiid 
and through the North Sea, and is nearly sixty hours old when it avrivoH 
at that port and at the ports of the German Ocean, 

In the great oceans there are thus three or four tide crests traveling 
simultaneously, following each other nearly in the same track, but with 
continual minor changes. If we take into account the tides in r Ivors and 
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sounds, the number of sinuiltaneons tide crests must bo at least six or 
seven ; i.e,, the ticlnl wave at the extroraity of its travel (up tho Ainuzoii 
River, for instance) must bo at least three or four days old, reokoiuid frinn 
its birth in. the Pacific. 


Speed and 
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rivers. 


341. Tides in Rivers The tide-wave ascends a river at a 

rate whicli depends upon the depth of the water, the amount 
of friction, and the swiftness of the stream. It may, iind gouor- 
ally does, ascend until it comes to a ro^pid where the velooltij of 
the current is (jreater than that of the wave. In shallow .strojuns, 
however, it dies out earlier. Contrary to what is usually hu[)' 
posed, it often ascends to an elevation far above that of the highest 
crest of the tide-wave at the river's mouth, ■ In the La Plata and 
Amazon it goes up to an elevation of at least 100 feet above 



Fig, laii, — Iiicroaso in Height of Tide on npproiudiiug tho Shore 
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the sea-level. The velocity of the tide-wave in a river seldom 
exceeds 10 or 20 miles an hour, and is usually muoh less, 

343, Height of Tides. — In mid ocean tho difference botwoen 
high and low water is usually between 2 and 3 feet, as observed 
on isolated islands hi deep water ; but on continental shores the 
height is ordinarily much greater. As soon as the tide-wave 
“ touches bottom,” so to speak, the velocity is diminished, tiio 
tide crests are crowded more closely together, and tho height 
of the wave is increased somewhat as indicated in Tig. 123. 
Theoretically, it varies inversely as the fourth root of the deiolh ; 
ie„ where the water is 100 feet deep the tide-wave should ho 
twice as high as at the depth of 1600 feet. 

Where the configuration of the shore forces tlie tide int(» u 
Qorner it sometimes rises very high. In Minas Basin, near tho 
head of the Bay of Pundy, tides of 70 feet are said to be not 
uncommon, and some of nearly 100 feet have been reported. 
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343, Effect of the Wind and Changes in Barometric Pressure. — "When tho 
wind blows into the mouth of a harbor, it drives in tho water by its sur- 
face friction and may raise the level several feet. In such oases tho tiiuo 
of high water, con tr [try to what niiglit at first bo sujiposed, is delayed t 
sometimes ns much ns fifteen or twenty minutes. This depends upon tho 
fact that the water runs into the harl)or for a longer time than it would do if 
the wind M'ere not bloM'ing. 

When the wind blows out of the harbor, of course there is a corre- 
sponding effect in the opposite direction. 

Wbon the barometer at a given port is Imvor tlinn usual, the level of tlie 
water is n.sually highor than it otlierwiso Mmuld he, at tlie rate of about 
1 foot for every inch of difforonco between tho average and actual lioights 
of tho barometer. 

344, Tides in Lakes and Inland Seas. — These are small and didicult to 
detect. Theoretically, the range between higli and low water in a land- 
looked sea should bear about tho same ratio to the rise and fall of tide 
in mid ocean that tho length of the sea does to tho diameter of the 
earth. On the coasts of tho iMeditorranean the tide averages less than 
18 inches, but it roaches the height of 8 or d feet at the head of some of 
the gulfs. In Lake Michigan, at Chicago, a tide of about T]. inolios has 
been detected, the “establishmont" (Sec. 881) of Chicago being about 
thirty minutes. 

346. Effects of the Tides on the Rotation of the Earth, — If 
tho tidal motion consistocl merely in tho rising and falling of 
tho particles of the ocean to the extent of some 2 feet twioe 
daily, it would involve a very trifling expenditure of energy, 
and this is tho ease with tlie mkl-ocean tide. But near the land, 
tliis slight oscillatory motion is transformed into the bodily 
traveling of immense masses of water, which flow in upon the 
shallows and then out again to sea with a great amount of fluid 
Motion, and this involves the expenditure of a very considei'- 
ablo amount of energy. From what source does this energy 
come ? 

The answer is that it must bo derived mainly from the eartli’s 
energy of rotation, and the neoessary effect is to' lessen the speed 
of rotation and to lengthen the day. Compared with the earth’s 
whole stock of rotational energy, however, the loss by tidal 
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friction even in a centuiy is veiy small and tho thoorutioid 
effect on the length of the day extremely slight. Moreovin^ 
while it is certain that tlie tidal friction, hy itself Gonsideredy 
lengthens the day, it does not follow that the day grows longer, 
There are counteracting causes, — for instance, the oartli'a 
radiation of heat into space and tho consequent shrinlcago of 
her Tolume. At present we do not know as a fact whether the 
day is really longer or shorter than it was a thousand years 
ago, Tho change, if real, cannot well he im 
great as of u second, 

346. Effect of the Tide on the Moon’s 
Motion, — ^Not only does tho tide diminish 
the. earth’s energy of rotation directly by the 
tidal friction, hut theoretically it also com- 
municates a minute portion of that energy in 
the moon. It will ho seen that a tidal wave, 
situated as in Fig’. 124, would sliglitl}'- acccl- 
erata the moon’s motion, tlie attraction of tim 
moon hy tho tidal protuberance, J<\ hciiig 
slightly greater than that of the oppo,sito wave 
at F , This difference would tend to draw it 
along in its orbit, tiius slightly increasing iin 
Fjq. 124. ~EfTe«t of velocit3'-, aiul so indirectly increasing the mnjitr 

tho Tiiio on iiio moon’s Orbit as well as its rm'mL 

Moon’s Motion , i i 

The tendency is, therefore, to make tlic 

moon recede from the earth and to lengthen tlio month, 

Upon this interaction between the tides and tiio motitms of 

the earth and moon Prof. Georgo Darwin has founded his 

theory of tidal evolution; viz., that the satellites of a planot, 

having separated from it millions of years ago, have been made 

to recede to their present distances hy just such an action. 

An oxcelleut popular- atatomout of thia theory will bo found iti Iho 
eloaing chapter of Sir Robert Ball’s Siory of the Jhavenity and one mom 
complete, but still popular, in Darwin’s Tme and Tide. 
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THE PLANETS IN GENERAL 

Borto’s Law — The Apparent Motions o£ tho Planets — Tho Klomonts of tholi* Orbits 
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System — Data referring to tho Planets tliomsclvcs — Dotorml nation of Diam- 
eter, Mass, Rotation, Surface Peculiarities, Atmosplioro, etc. — Herschol’s Illus- 
tration of tho Seale of the System 

347. Tlie stars preserve theip relative conligurations, liowever 
tmich they may alter their positions in tlie .sky from liour to 
lour. The Dipper always remains a “ clipper ” in every part of 
;lie diurnal oircuit. 

But certain of the heaveiily bodies, ancl the most conspicuous 
)f them, behave difforonfcly. The sun ancl the moon move 
ilways steadily eastward through the oonstollations ; ancl a few 
ithors, which look like brilliant stars, but aro nob stars at nil, 
roep back ancl forth among tho star group.s in a le.ss simjile 
lanner. 

Those moving 'bodies wore called by the Greeks IHanets^ e.e., 
■vvanderoi’s.” They enumoratod seven, — the Sun ancl Moon 
nd, in addition, Mercury, Venus, Mars, Jupiter, ancl Saturn, 

348. List of Planets. — At present tho sun and moon are not 
sckonecl as planets j but tho number of others known to the 
loieuts has been increased by two now worlds, — Uranus and 
optiino, of great niagnitucle, though inconspicuous on account 
* their distance, — besides a host of little asteroids. 

Tho list of the principal planets in their order of distance 
oin the Sun stands tluis at present; Mercury, Venus, the 
U’bh, Mars, Jupiter, Saturn, Uranus, ancl Neptune. 

Moreover, between Mars and Jupiter, whore there is a wide 
-p in which another planet would naturally bo looked for, 
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there have already (JaniTary, 1902) boon discovered inor<j than 
five Ininctrecl little bodies called “asteroids,” which pj’oliahly 
represent a single planet, soineliow “ spoiled in the inahiiig,” 
so to speak, or subsequently burst into Xmgnuints. 

One of this family, Ei’os, discovered in 1898, ci’ossos tlio 
inner boundary mentioned, — the orbit of IMars, — and at tinioH 
comes nearer to the earth than any other lieavonly body (3x<jept 
the moon. 

Planets noil- The planets are non-luminous bodies which shine only by 
luminons, reflected sunlight, — globes wbieh, like the earth, I'ovolve 
around the sun in orbits nearly eircular, moving all of llieni 
in the same direction and (with numerous exceptions among 
the asteroids) nearly in the oomnion ifiaiio of the etdiptit!. 

All but the inner two and the asteroids lire aUtnided by 
Satellites, satellites. Of these the Earth lias one ( the moon), jMai’H two, 
Jupiter five, Saturn eight (and perhaps nine), IJraium four, iind 
Neptune one. 

349, Relative Distances of the Planets from the Sun; Bode’s 
Bode'aLaw. Daw. ■ — There is a curious approximato relation between the 
distances of the planets from the sun, uHuaUy known as liodc^B 
Lav), 

It is this i Write a series of 4’s. To the second 4 add 8 ; to 
the third add 3 x 2, or 6 ; to the fourth, A x 3, or 1 2 ; and .so 
on, doubling the added number each time, as in the following 
scheme : 

4 4 4 4 4 4 4 <1 -1 

^ JIO 102 5184 

4 7 10 10 [28] 62 100 IHO flHH 

5 9 © ^ h V ^1^ 

The resulting numbers (divided by 10) arc approxhnatoly 
NoBfttis- equal to the true mean distances of tho planets from the suii, 
Smfation in radii of the earth’s orbit (astronomical units) •— 

oi tho law excepting Neptune, however 5 in his case the law broalcH down 
yet reached, utterly. For the present, at least, it must therefore be regarded 
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iiH a more coiiioidenco ratlier tliaii a real “ law,” hut it ia not 
•nnlikoly that its explanation ma}'' ultimately ho found when the 
evolution of tlio solar system comes to be bettor understood. 

It is known as Bodo’s Law bncaaisc first brought prominontly into notice 
l»y him in 17713, though it njipears to have heon discovered by Titins of 
IVittnnbor^f aoine years earlier. 


350, Table of Names, Distances, and Periods 


N.vjiu 

SvMiKH, 

I nSTANCK 

inum 

DU'T. 

SlI), PJOUIOI) 

Syn. 

I’JCUIOII- 

Jlcl’cury . . . 


0.}]H7 

O.l 

-- O.OIO 

88‘i or 3'" 

llO'l 

Vonus .... 

9 


0.7 

-i- 0.020 

22‘l<i,7 or 71"’ 

ASi'i 

lOaiTU 

© 

1. ()()() 

1.0 

0.0011 

OfiApi or ly 

* * . 

> 

s 

xn 

d 


1.0 

- 0,077 

(J87<> orlylO'" 

780't 

Menu msterdid 



2.8 

- O.LAO 

to 8y,l) 

various 

.Jnpltor .... 


A. 202 

A, 2 

-1- 0.002 

lUM) 

300<i 

.Saturn .... 

\ 

u.niii) 

10.0 

- O.dOl 

20y,A 

378'! 

Uranus .... 


10, 1811 

10,0 

- 0.417 

84y.o 

.S70'i 

Nuptunu , . . 

^.13 

iiO.OA-i 

IIB.H 

- 8.74(1 

KUr.S 

f307pi 


Tlu) eoliiinii headed “ Ihido” gives the dislanco according to Jlodo’s bawj 
the column humled “Dlff,,” tlio dllTcrcnee between tlio true dislanco ami that 
given by IJodu’s Law, 


361. Periods. — Tlio Hidereal period of a planet is the time of 
its revolution around the sun, from a star to tlie same star 
iigaiii, as soon from the sun. The synodic period is the time 
betwoon two sucoessivo conjiiuotions of the planet with the sun, 
rta seen f rom the earth, 

Tlio sidoroal and synodic periods are connected by the same 
relation as tho sidereal and synodic months (Sec. :L91), namely, 

:*•- « L , ill which ./?, and N are, I'cspcctivoly, the periods 

P -/i’ 

of tho earth and of tho planet’s synodic period; and the numer-' 

1 1 . 

ioiil differonoo between — and i.s to bo taken without reyard to 
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Plnnota noii- 
himiiioiis, 


SatoUltes, 


BocIo'b Ijaw. 


i8- 

nlion 

law 

jaclied, 


there liaYs already (January, 1902) been cUsoovered more than 
five Iiimclred ILttle bodies called “ asteroids,” which probably 
represent a single planet, somehow “spoiled in the making,” 
so to speak, or subsequently burst into fragments. 

One of this family, Eros, discovered in 1898, crosses the 
inner boundary mentioned, — the orbit of Mars, — and at times 
comes nearer to the earth than any other heavenly body except 
the moon. 

The lilanets are non-lnminous bodies which shine only by 
reflected sunlight, — globes which, like the eartli, revolvo 
around the sun in orbits nearly circular, moving all of them 
in the same direction and (with numerous exceptions among 
the asteroids) nearly in the common plane of the ecsliptlo. 

All but the inner two and the asteroids are attended by 
satellites, Of these the Earth has one ( the moon), Mars two, 
JuiDiter five, Saturn eight (and- perhaps nine), Uranus four, and 
Neptune one. 

349. Relative Distances of the Planets from the Sun; Bode’s 
Law. — There is a curious approximate relation hetwoGn the 
distances of the, planets from the sun, usually known as liodo's 
Law, 

It is this ; Write a series of 4’s. To the second 4 add 8 ; to 
the third add 8 x 2, or 6 ; to the fourth, 4 x 8, or 12 ; and so 
on, doubling the added, number each time, as in the following 
Bohome : 


4 


4 


4 

3 

7 


§ 


4 

_G 

10 




4 4 4 

12 _ 2 £ 

10 [2S] 62 


4 ■ 4 4 

102 .S84 

100 180 388 

h ¥ W 


The resulting numbers (divided by 10) are approxinmtely 
equal to the true mean distances of the planets from the sun, 
expressed in radii of the earth’s orbit (astronomical units) — 
exoepting Neptune, however ; in his case the law breaks down 
utterly, Tor the present, at least, it must therefore bo regarded 



THK l’I.ANI-r]\S m (JKNKUAr, 


ai3 


as a were coinoidenctj ratliev tlian a real “law,” l)ut it ia not 
•unlikely that its explanation may ultimately be foimil wlieu tlie 
evolution of the solar system comes to be bettor understood. 

It is loiown as Bodo’s Law bacaiiso first brought proiniiKuitly into notioo 
by him in 1772, though it appuiir.s to havu boon discovored by Titiiis of 
Wittunborg aom« yoars oarliur. 


350. Table of Names, Distances, and Periods 


Nasik 

.SV.M1)0I- 

DlHTANl.'K 

liom: 

niKi'. 

Sii), IMoiiKU) 

imiuon- 

Mercury . . , 


0.;i87 

0,1 

- 0.013 

88" or 3''‘ 

110" 

Yomia .... 

9 

0.723 

0.7 

-1- 0.023 

224", 7 or 7.1'“ 

081- Table ot 

Enrlli 

© 

1.000 

1.0 

0.000 

aODpi orl>' 

4 . . 11 in planets: 

Mara 

<1 

].G2a 

Lfl 

- 0.077 

087" orlJ'lO'" 

780" syiubtils, 

Mean asterbid 


2.050 

2.8 

-0.150 

3.V.1 to 8y.O 

~ — dtstiuifea, 
various „,„j periods. 

.Jupiter .... 


5.202 

5.2 

+ 0.002 

Jlr.O 

.300" 

Saturn .... 

h 

O.CiJO 

10.0 

- 0.401 

2l)r.5 

378" 

Urnnus .... 

S & lit 

10.18,3 

10.0 

- 0.417 

8lr.O 

.370" 

Neptnuo . . . 

w 

OO.Of)! 

38.8 

- 8.710 

l()4r.8 

30 7. V' 


Tim (Jolumu hoatlod “Botlii” girus ilic! distaiico according to Hodo’s Jhiw; 
llio culinnii Imadod “DilT,,'* Urn dilYorcimu bctwoon thu true dlstnnco and that 
given by Bodo’s Law. 


351. Periods. — The mhmil period of a planet is tlio time of DoflniUono/ 

its revolution tiroimd the sun, from a star to tlio same star 

. <• K . -1 • . ayiiocUo 

again, iw seen from tlio sun. Ino synodie period is tJie time poriotia^ 

between two siiouessivo oonjuno lions of the planet with tho sun, 

as seen from the earth, 

Tho sidereal and synodic periods are connocted by tho same 
relation lus tlio sicloroiil tiiul synoclio mouths (Sec. 101), namely, 

111 

. = in which T\ and A' are, i’o.spoo lively, tho poriods Kciuaiion 

A f A expressing 

of tliQ earth and of tho planet’s syiiodio period; and the numoi'- rdiaion 

^ ' bolwoon 

ioal ililforonco botwoou -- and •- is to bo taken loithout regard to 

Ji/ 
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U, tor nn in/erm- planol, f-'i' i‘ 

1 _ 1 _ 1 
's~ Ji:~ y 



The two last columns o£ tho table of >Soo. 850 give lluj 
approximate periods^ both skloroal and synodio, for Urn difTovonl 
planets. 

Mtipotiho Fig. 126 shows the smaller orbits of tho Hystnin (ineUuIlng 
om\B^ the orbit of Jupiter), drawn to scale, tho radins of tho uartli’n 
orbit being taken as one centimolor. 
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On this SGale tlio dianietor of Saturn *h orbit, would bo 19.08 
centimetora, that of Uranus 38.36 coiitiniotoi’.s, and that of Nep- 
tune 60.11 centimeters, or about 2 feet. The iioarcst fixed star, 
on the same scale, would be about a inilo and a q[uartor away. 

It will bo seen that the orbits of Mercury, Mai’S, Jupiter, and 
sovei’al of the lus toroids are quite distinctly ecoontrio. 

352. Explanation of Terms. — Fig*. 126 illustrates the mean- Tooimicai 
ing of A'^ariou.s terms used in describing the position of a planet 
with re.spcot to the 
sun. JC in the fig- 
ure is the position 
of the earth, the 
inner circle is the 
orbit of an inferior 
planet (Mercury or 
Venus), and the 
outer circle is that 
of a 5wpcnor pi an e t, 

Many for instance. 

The Monyation 
of a planet is the 
angle at the earth 
between linos 
drawn from the ob- 
server to tlie planet 
and to the sun, 

i.e.y the apparent angular distance of the planet from the siui) 
for a planet at I* it is tlio angle A7i7*. 

For a superior planet tlio elongation can have any vnlno from 
0° to ISO*®. For ail hferior plane b tliorc is a cor tain maxi- 
mum value, called the greatest elongation^ wliieh must bo loss 
tliaii 90®. Tliis greatest elongation is the angle between a line 
drawn from tlio eurtli to the sun and another lino drawn tangent 
to the planet’s orbit, — the angle VPJii in the (iguro. 


Conjunifthtn. 



KlaiiguUon. 


Fin. la!. — I'lnnotiiry Ouiilft^iiriillcitis mid Asinuds 
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Opposition. 
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Apparent 
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plicnlcd by 
earth’s 
motion. 


Absolute Oor^unction occurs when the elongation of tlio 
planet is aero ; superior conjunction when the planet is beyond 
the sun ; inferior when between earth and sun, ■ — a position, 
of course, impossible for a superior planet. OoiTjunotioti in 
longiUtde occurs when the planet’s longitude is tlio same as the 
sun’s, and in right moemion when it has the same right ascen- 
sion as the sun. 

Opposition occurs when the elongation of a planet is 180” 
and the planet rises at sunset. 

Quadrature occurs when the planet has an elongation of !)0°, 
An inferior planet cannot be in either opposition or quadrature. 

The astrologers called these positions “aspects” andrecogni'/ed 
several others, — for instance, “sextile,” “trine,” “ octant,’^ etc. 

363, Apparent Motions of the Planets, — If wo imagine our- 
selves looking down upon the orbits perpendicularly from their 
northern side, so as to see them in plan,, they would appear as 
shown in Fig. 126, and the planets would travel regularly for- 
ward (contrary to the hands of a watoli) witii a steady, almost 
uniform, motion. Viewed from the earth, however, we see the 
orbits nearly edgewise, and their apparent motions are oompli- 

' Gated, being made up of their own real motion around the sun, 
oombiiied with a purely apparent motion due to the movonient 
of the earth. 

Their apparent motion as seen by us may be considered under 
three different aspects : 

(1) The motion in space relative to the earth, 

(2) The motion on the celestial sphere relative to the. consteh‘ 
lationsy ie,, change of right ascension and declination or of 
celestial latitude and longitude. 

(8) With reference to their apparent angular distance from 
the sun, ie., motion m elongation, 

364, Motion in Space Relative to the Earth. — 'Hig funda- 
mental principle of relative motion is that if wo look at a body 
at rest while we ourselves are moving, its relative motion, i,e,, the 
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oJiangfi in its distance and direction from us, will bo tho same as 
if WQ wore at rost and it possessed oui’ motion reversed. If '\ve 
look at a l)ody while we move to the south, it appears to movo 
towards the north. If we approach it, tho effect is tho same as 
if it ioe?’e coming toivards us, and so on. 

If tlio body lias a motion of its own, then tho total apparent 
or relative Jiiotiou will bo tho rcmltant of its real motion com- 
bined witli our reversed motion, 
according to the law of compo- 
sition of motions {Physics, 

p. 18). 

A planet at rest, therefore, 
would appear to movo in an 
orbit precisely llko tiuit of tho 
eartli in form and si/.o and in 
tho sanas plane, always keeping 
its motion opposed to our own, 
though going around this ap- 
parent orbit in the same direct 
lioji as the earth (just as any 
two o[)posito 2 )oints on tho 
eiroumfei’oiico of a revolving 
wheel are always moving in opposite directions, though going 
the same way around the axis), And siiico tho 2>lftnet3 are 
really revolving around tlie sun, it follows that their at^parent 
or geoeenlric inotion is a oombination of two motions, — that of 
a body moving ojioo a year around the (jircunrforonco of a oirolo^ 
equal to tlio eartlds orbit, while at tho same time the oontor of 
that circle is carried around tho sun in tho real orbit of the 
jdanot, and in the same period witli tho planet. Jupiter, for 
in, stance, appears to movo as in h'ig, 127. 

li'his is tlio orbit we should find if we were to attempt to map 
it out by the method used for do term ini iig tho form of tho orbit 

I'i'ho '‘oU'cIoh” spoken of lioro nro strioily olllpsos of small oooonlrloUy. 


a C( 



Fin. 127. — (kioconn’lo Motion of Jupitor 
fi-oiii 17()S to 1720 
j\aer Cosfliiil 
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motion on 
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(Stationary 

points, 


of the earth around the sun (Soc. 159), U. by observing the 
direction of the planet from the earth, and at the same tune 
measuring its apparent diameter in order to get its relative tlis- 
tances -at different times. Practieiilly, however, the metliod 
would not succeed very well, since tlie planet’s appurtmt 
diameter is too small to permit the necessary precision in deter- 
mining the variations of distance, 

A motion of the Icind represented in tlio (ignio is loosul}' 
called “ epi cycloidal,” — ^not quite accurately, beoaiise the orbita 
coiicern.Qd are not true oircles, so that the loops are of varying 
size. 

The Ptolemaic theory of the solar system was fuiidameii tally 
an acceptance of this apparent motion of the planets relative to 
the earth as real, though his theory involved cei'tuiii soriuu.s 
eiTors of arrangement and proportion. 

355. Motion of a Planet on the Celestial Sphere, i.e,, in Right 
Ascension and Declination, or in Latitude and Longitude. • — ijook- 
ing at Fig. 127, we see that, viewed from the earth, tlio planet 
moves most of the time “ dii’eot,” i.c., eastioavd in the dircotitni 
of the arrow, ’as at the points aa\ but while rounding the loops 
at bh^ where it comes nearest the earth, its apparent motion is 
reversed and “ retrograde,” and at certain points, ou each 
side of the loop the planet is “.stationary” in the .sky, its 
motion at the time being directly towards or from tlio earth. 

Starting from the time of superior conjunction, wlieii the 
planet is at a, it moves eastward, or “direct,” among the stars, 
always increasing its right ascension or longitude, but nt a rale 
continually slackening, until at last the planet becomes “station- 
ary ” at an eastern elongation from the sun, which depends up)on 
the size of the orbit and its distance from the earth. 

Prom the stationary point it reverses its oourse and mbYOS 
westward wound the loop until it oomes to the second stationary 
point at a western elongation, the same (if the real orbit is cir- 
oular) as the eastern elongation of the former stationary point. 
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There it reHumes il« eastward motion and eontiiiues it until it 
reaohes the next superior conjunction, at tiio end of a synodic 
period. 

Tlio iniddlo of this arc of rcgremon is always -very near the 
point where the planet comes nearest the earth, i.e.-, at “ oppo- 
sition” for a superior planet, and at “inferior oonjmiction” for 
an inferior planet. In time, as well as in the number of degrees 
passed over, the direot motion always exceeds the retrograde in 
each synodic period of the planet. 

As observed with a transit-instrument, all planets when 
moving eastward (direct) come later to the meridian each night 
hy the ddereal dooks and vice verm when retrograding. 

356. Motions In Latitude. — If the orbits of the planets all lay 
precisely in tlio same plane with tlio earth’s orbit, their apparent 



orbits relative to the cartli would do so also, and their apparent 
motions on the celestial sphere wonld bo simply fonvard and 
haekioard upon the ediptiiu 

But while tlio orbits of the larger planets are only slightly 
inclined to the ecliptic, so that tliey never go very far from it, 
they do, in fact, deviate a few degrees one side and the other, 


Pliuiofc 
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Motion in 
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■k. 

SO that their paths in the liGavena form more or less oomplioafcod 
loops and kinks. Fig. 128 shows tho loops inado by Saturn 
and Uranus in 1897, when they happened to bo very near (uveli 
other in the sky. 

Certain of the " asteroids ” have orbits greatly inclined to tho ecliptic 
ami very eccentric, as, for instance, Urn little Kroa. 'L'he description of 
apparent motions as given above would therefore nupiirevm'y serious moili- 
Acation in their case. Kros is sometimes found in circuinpolar nsgiuiiH 
more than dO'’ north of tlio ecliptic ; soinotinios its nearest upproaeh to tin* 
earth does not coincide with tho time of its opposition witliin several 
weeks; and sometimes at tho timo of its opposition iUs motion is more 
nearly from north to mdh than from oast to west. 


Motion wltl> 
rospoot to 
uloiigatlon 
from sun. 


Superior 
planets 
come to 
mortdlan 
oarllor 
OYory day 
by monn- 
Umo watch. 


367. Motion of the Planets In Elongation, i.o., with Respect to 
the Sun’s Place In the Sky, — Tho Yisibility of a plaiud doptmdH 
mainly on its olongatioih bcoauae when near tho nun tho phinot 
will be above the horizon only by day. Ah regardn their motion, 
considered from this point of view, there is a marked difCereiieo 
between tho inferior planets and the superior. 

(1) The Stiperior .Plamts drop alwags steadily iveMward toilh 
respeot to the sxm's place in the heavens^ ooutiuually inoreoHing 
their western elongation or decreasing their oastoi'ii. Ah 
observed by an ordinary timepiooo (keeping solar lime), they 
therefore invariably rise earlier and come earlier to the meridian 
every successive night, never moving eastward among tho stars 
as rapidly as tho sun, even when their direct motion is moat 
rapid. This relative motion westward with respect to tho sun 
is not, however, uniform. It is slowest near superior crai junc- 
tion, most rapid at opposition. 

Beginning at oonjunotion tho planet is thou behind tlm sun, 
at its greatest distance from tho earth, and invisible. It soon, 
however, reappears in the morning, rising before tho sun ns a 
“ morning star,” and passes on to western quadrature, when it 
rises at midnight. Thence it moves on to opposition, when it 
is nearest and brightest, and rises at sunset. Still dropping 
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westward and receding, it and bj'- reaclios eastern quadrature 
and is on the meridian at sunset, Tiionco it still crawls slug- 
gishly westward as an “evening star,” until it is lost in the 
twilight and completes its synodic period by again reacliing 
conjunction. 

358. (2) The Xi\ferior Planets^ on tlio other hand, apparently 
oscillate across the .sun, moving out equal, or nearly equal, 
divstances on each side of it, but inaldng tbo westward 
swing between us and the sun niiicli more quickly than the 
eastward. 

At superior conjunction an inferior planet is moving enst- 
wa^d/rts^e?' than tho sun. Accordingly, it creeps out into the 
twilight as an “ evening star,” and continues to inoroase its 
apparent distance from tho sun until it roaches its greatest east- 
ern elomjaiion (47® for Venus ; for Mercury, from 18° to 28®). 
Then tho sun begins to gain upon it, and as tho planet itself 
soon begins to rotrogrado, the elongation diminishes rapidly and 
tho planet hurries baclc to inferior oonjiinotiony passes it, and 
then as a “morning star” moves swiftly out to its wostorn 
olongation. There it turns and climbs slowly back to suporior 
conjunction again. 

359, The Ptolemaic System, — Assuming tho fixity and cen- 
tral position of the earth and tho actual revolution of tho 
heavens, Ptolemy (who flourislied at Alexandria about A. i). 140) 
worked out tho system which boars bis name. 

In liis groat work, tlio Almagest (Arabic for the Greek The 
Q-reatest), which for fourteen centuries was the authoritativo 
“Scripture of astronomy,” he .showed tluit all tho apparent 
motions of tho planets, so far os thon ohsorvod, could bo 
accounted for by supposing each planet to move around tlio 
oiroumforonco of a circle called the “ op icy do,” whilo the con tor 
of this circle, somotimo.s called tho “fictitious planet,” itsolf 
moved around the earth on tho civoumfGrcnoo of aiiothor and 
larger circle, called the “ deferent.” 
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It was 03 if the reol planet was carried on the end of a oraiik 
arm which turned around the “ActiUous planet” as a con tor in 
such a way as to point towards or from tho oavtli at tinioH 
when the planet is in lino with tho sun. 

Fig. 129 represents this Ptolenmio system, oxtiopt that no 
attention is paid to dimensions, the deferents being spaiHid at 
equal distances. 

It will bo noticed that tlio cpioyolo radii, which carry at tlinlr oxtremL 
ties the planets Mars, Jupiter, and Saturn, avo always parallel i.o the lino 
which joins tho earth and tho sun. 

In tho case of Venus and Morc\n*y this was not so. Ptoloiny Hupposud 
that for these planets tho deferent circles lay heiween tho eartli luid tlm huu, 
and that the fictitious planet in both cases revolved in its ddforoiit oiuie a 
year, always keeping exactly between tho earth and tho sun ; tlio iiuilhm 
in the epicycle in this case was completed in tho time of tho phuiot's iieriod. 
He did nob recognize tlmt for these two planets tliero sbould be only oitu 
deferent, viz,, the orbit of tho sun itself, ns tho ancient Kgyptiaim are. said 
to have understood. 

To account for some of tho irregularities of tho planets’ inotions it was 
necessary to suppose that both the deferent and epicycle, though oiniular, 
are eccentric, the earth not being exactly in tho center of tlm doLn'cnt, nor 
the " fictitious planet ” in tlic exact center of the opioyclo. Tn after lliiuis, 
when tho knowledge of tlio planetary motions hud beoonio more acourate,tlio 
Arabian astronomers added epicycle upon epicycle until tho ays torn boeanm 
very complicated, 

King Alphonso of Spain is said to have remarked to tho astrouoinerH 
who presented to him tho Alphonaine tables of the plauetai'y niotloiiB, 
which had been computed under his orders, that “ if he had lieon proKont 
at the creation he would have given some good advice.” 

360. The Copernican System. — Copernious (1478-1548) 
asserted the diurnal rotation of the eEirtli on its axis, which was 
rejected by Ptolemy, and showed that it would fully account 
for the apparent diurnal revolution of the stars. ' lie also 
showed that nearly all the known inotions of tho planets could 
be accounted for by supposing them to revolve around the siin, 
with the earth os one of them, in orbits oimilar^ but slightly 
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out of center. His system, as h o lefl iC, was iioaily that wliioli 

is accepted to~day, and Fig* 125 may be as roproaonting 

it. He was, however, obliged to retain a few a mall opioyoles 

to account for certain of the irregularitiQa. 

Up to this time no one dared to donbt the exaob ciroularity 

of celestial orbits. It wa.s considered metaphysically improper 

that heavenly bodies should movo in any but lierfeoi curves, Discovery 

and the circle was reefarded as the only porfoct one. It 

^ ^ ollipueal 



Fio. 121). —Tho Ptolmnab! Hysiom 


was loft for Kepler, some sixty years later than Oopevnicua, 
to show that the planetary orbits aro eUipLical and to bring 
the system substantially, into tho form in wliicli we know it 
now. 

It was nearly a oontury before tho Uopornioan systoin, with 
tho improvoinonts of Koplor, finally replaced tlio Ptolomaio. 
In our oldest American univorsitios, Harvard and Yalo, tho 
Ptolemaic was for a oonsidorablo time taught in oonnootioii 
with tho Copcrnican, 
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361, Tyclionic System. — Tyclio Bralio, who ovine botwoou Copornicus 
aiul Kepler, fcmiul hiuiHuU’ unable to accept tlio Copcrincim sy»toin tor two 
renstinu. One was tluiL it was uiifavovably rugarvled by lluj cliurcli, and lie 
^YaH a good oliuvolmuiu. '^L'he other was the really scientifio altieolion that 
it the oartli moved around tlui sun, tlie fixed star.s all ought to appuav to 
move in a correspoiiding inannov, eaclv star describing unnually an oval in 
llio heavens of tlm simm upparont diinensions as tlie (‘mill’s orbit K(‘eu Irani 
tlio ulav. 'I’eclinieally Hjieakiiig, they ought to have an (innml puntlhix. 

His inalmiiients worn by far tlie most accurate tiiat bad (>ve.rbeou made, 
and he etmld di'Uuit no Huch ]^>ai’allax (although it ri'ally existed and can 
now he observed) ; In'iiui', ho concluded, not illogically, but iucorreclly, that 
the earth must lav at rest. 

lie rojeolcd Llm Copornican system, placed the earth at the center oC the 
univerHi), according to tbo then received interpretation of Seripluro, inado 
the sun revolve aroiiinl tlio earth once a year, and then (this was the pecul- 
iarity oC his sysLoiii) niiuh’ tbo aiiparent orbit of llie sun tbe commm lio/rr- 
ciil for the cpioyidi'H of ull Ibo jdaneis, maldng them to ru volvc around the 
sun. 

This theory juHl ns fully uccniinls for all the motions of the pluuots as 
the Coporn icaii or JHolmimie, but like the Ptoiumaio brnulcs down ahso- 
bitoly wlum it uneounturs the ahrmtlioii of Vujhi and fhe momu/ pamlUtx 
of ihe wftov, now ohservahlo with modern instruments, though not with 
'rycho’s, The 8'yohoiiio byBlein pvas nover generally accoploil, and tlio 
( toper nicun was soon Hr inly oHLablished by Kepler and Newton. 

362. Elements of a Planet’s Orbit. ^ — Those avu a sol of numor- 
itsal qiianliUoH, sovon in nnmlior, vvlhch tiosoribo Llie orbit with 
pi'oeision and rm’iiish tho inoaus oE finding iho planet’s place in 
tho orbit at any given time, whether past or future, so far a a 
that place dejiuiulK u]H)u iho attraction of tho sun alone. They 
are as follows : 

(1) 'J'liu Komi-major axis, a, 

(2) ooeoutrieity, e. 

(8) 'J'ho inclination Lo iho ecliptic, 

(4) Tho longitude of the ascending node, Q,. 

(C) ’’I'lio longitude of porihelion, tt, 

(6) Tho porind, P, or else iho daily motion, g, 

(7) 'I'ho epoch, 1C. 
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Of tlieso, tlio iii«t Tivo portaiu to tho orbit itself, regarded as 
an ellipse lying in space with one Joeus at llio sim, while two 
are necessary to determine tho planet’s place in tho orbit. 

363, The mni-^najor n.-m, a {GA in .Fig. 130), defines the siKeacflnwi 
size of tho or])it and is usually expressed in astronomical units. 

(It will bo romembered that tlio earth’s moan distance from tho 
sun is tho “ astronomical unit.”) 

Tho c<utenirieili/i c, dofiiies tlio orbit’s form. It is a inoro Form 

Q (lonned 

niiniori(!al quantity, being tho f motion obtained by dividing by the 

^ eficonliicily 

the distamso between tho sun and tho (amtor of tho orbit by the 


» 



Fki, iso. KIviiioiilft of a Plan at 'a Orbit 

aeniwnajor axis. In Home computationH it is couvouiont to uso, 
instead of the dooiinal fi'notiou itself, ibo angle (/>, which bus e 
for its sine, so that & — sin t\i. 

Tlio third olojnont, if, tlio incUmlion^ is tho angle botwoen the inotitmitoH 
nhino of tho phiuot’s orbit and that of the earth. In the figure 

. t 1 UhIooI 110(10 

it IS tlio nnglo KN'iK ti»c plane of the ocliptio being lottorocl doionnino 
EKhi' and that of tho orbit OUJiT, . £'orWt 

The foiu th olomont, Q {Ihc longil^dc of lh\ amnding node)y 
dormo.s what has boon oalloci the “iispoct” of tho orbit plane, 
f.c„ tho direction in wliioh it faoos. Tho lino of nodoa is tho line 
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in the figure (llio iiilorsoolion of tlio two jilaiu'H of tin' 
orbit and ecliptic), and the angle ‘Y’ ALYIh the longitu<b‘ nf llio 
ascending node. The planet passes from the lt)wer or soiilliuni 
side of the plane of tlio ocliptio to the norlliern at Uie jioint n 
in its orbit. 

The fiftli, and Iasi, of the elements which belong strictly Ut 
the orbit itself is tt, the so-called louj/itudr of tho jirrihrltony 
which defines the direction in which the major axis of the ellipse 
(the lino lies on the plane OlfliT, Slritdly, tt is not a 
longitude, but ocjuals the sum of the two angles Si aiul w; /.c., 
y A'iV (in the plane of the ecliptic) plus jYSp (in tlic [ilantt of 
the orbit), both reckoned in the direction of the jilancUs molitm. 
iYiSj), or CO, in the figure is about 210'* and is about 315“. 

If we regard the orbit as an oval wire lump huhpcikUmI in 
space, those five elements completely define its po8ifion,> ftinn^ 
and size, The plane of the orbit is fixed l>y the two clemimls 
numbered throe and four, the of the orbit in this plaiu! 

by number five, the form of tlio orbit by number two, and fiimlly 
its magnitude by number one. 

To determine whore the planet will be at any subHctpumt 
date wo need two more olomonts j 

Sixth, the periodic time. Wo must liave the sidereal poriotl, 
P, or else the mean daily motion,/*, which is simply 8110“ divi(lc<l 
by the number of days in P, 

Seventh, and finally, wo must have a “starting-p(unl,” the 
JSpooh^ so called ; ie,, the longitude of tlie planet us seeu 
from the sun at some given date, usiuiUy Jan. 1, 1850 or 1001, 
or else the precise date at which the planet passed the iKU’ilu'Hun 
or the node. 

364, If no force acted on the planets except tlio sun's attrac- 
tion, tliQsp olomonts would never ehango, hut on aeeount (d tim 
interaction of the xilanots they do change ; accordingly, it is 
usual to add in tables of the olomonts columns giving the 
amount by which each olemont ohaiigos in a century. 
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It is to be noted also that if Koplor’s third law in its uiicor- 
rectecl form wore strictly true, as it is not (See. 308), av(} should 
not need both a and P, for if a is exprcisscd iu aslmnomieal 
nnits^ P in years would bo simply Va**. 

'Fho iiHithoil of (titornijiiinjj tlio pOHitioii of a planol in its orbit, i.«., of 
ooniputing an (‘plioun'ris, lioloiifrs to thoorotioal astroiioniy and will not bn 
trnatnd linro. U is Hiiflmioiit (o any that it Is iiossibbi from tlio oloinotits 
of Uio plamst.H to dodnon, for any g'ivnn time, tlndr uoLiial positions in tboir 
orbits and Uinir distaimcis and dirootions from tho sun and from eaidi 
oilier. 

DICTKKM I NATION OF 'L’UK PKRTOD AND DLSTANdK OF 

A I^hANlCT 

365. Since the planotaiy orhibs arc, for tho mo.st part, nearly 
circular and in the plane of the ecliptic, they are described with 
sunieiout accuracy for ordinary imi poscs by simply gflving tho 
planet’s period and distanee from the sun. We proceed to 
show how these two elcimmts may he determined, Inifc note iu 
passing tliat there is a ifdneral ituUhod by whiob all seven of the 
elomonls of a planet’s orbit can ordinarily bo deduced together 
from time, atHnimle ohHervatiom of tho planet’s position, sepii- 
rated by a few wiioks’ interval, tliougli in cortuhi special cases 
[\ fourth observation becomos necessary. 

This gnu imd innthnd involves Inngimil isnnpliniitcd caloidatii)n,< — truatod 
in works on tliuorclicnl iislronomy, It was invi'iilud iu 1801 by naiiH.s, 
tlum a young nmn of twciity-tlinu*, in (ioiiiHHttioii with the disunvury of 
Ctn'i'H, tliu first of tlin aHlcroiils, wbiuli, afli'i’ its disdoviny by Fiazzi, was 
lost to ubHcrvalion by pasKing into cmijiniclion with thn aim. 

366. 'rho obaervutions upmi wliich the calculation for the 
oloinouts of a jihiuot’s orbit rest are dtdenninations of the 
planet’s right ascension and declination, usually made with 
tho meridian -ei rein, but sonmtiiiuis by the differential method 
(Secs. l llP-117) with tlio ocpiatoriid telesiuipo and mierometor, 
or often at prestmt hy pIioLograpliy, 
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Those obsorvalions aro, of course, nmdo from the eitrUi’s ««/•. 
/«ee, and before they eau bo utilized must bo eorrettiod for paral- 
lax, so as to give the geocenina pliioo, /.c., Llio plaoo tlio planet 
would occupy if seen from the eonler of tlio oiirth. lii many 
cases the geocentric right ascension and dooliiuilitm must, ftir 
convenient use, bo further transfonneil into celestial latitude 
and longitude. (Sco 8eo. 30 and Appendix, See. 702.) 

367. Interpolation of Observations. — 1 1 oflen Impjiens lluit 
we want the place of a planet at some particular moment when 
it cannot he actually observed, as, for instance, wbeii it is liebiw 
the horizon. If wo have a serin of observations made ahont 
that time, say for several days before and after, the iiliu-e nl 
any moment included within tlio time covered by the observa- 
iions can be determined by interpohdiony and with an aceiiracy 
exceeding that of any single observation of tlie serioH. 

The dctcrniination can ho made grapMcallg b)’ simidy plot- 
ting the observations on squared paper with a scale of tiines as 
abscissas, the observed data being plotted as ordinates, ami llum 
drawing a curve through tlie points dotormined by observation, 
as in so many operations of the physical laboratory. AVbatuvor 
can be done graphically can, of course, bo worked out still more 
accurately by caleiilaliou, *l3io tirinciplc is of very extensive 
application. 

368. Heliocentric Place.™ Tliis is tlio plnco of a planet as it 
would be seen from the sun and is often wanted in ealculationa, 

When wo have once found tlio node of the idanol’s orbit and 
the inclination of the orbit, as well as the planet’s diKtanee from 
the sun, the heliocentric place and the distance of the planet 
from the earth can bo immodiatoly cloducod from tlio geocentric 
by a simple calculation, which, though not ditrieult, is rather 
tedious and lies outside tlio scope of this work. ^Soo W atson’s 
Theoretical Astronomy^ p, 86.) 

369. Determination of the Sidereal Period of a Planet. — First, 
by Observation of Us Socle Passage. At the moment when a 
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planet crosses its node its lalttmh\ Lotli gooeciilrio and lieUooun* 
tvio> bocoiuea i'.oro, because tlie planet is then actually in the 
plane of the e (dip tic. From a aerie.s of observations of its right 
ascension and doclhiiitiou made aljoiit that time and rodueed io 
latitude and longitude, both the position of the jiodo and the 
lime when the phi net erossod tlie node can bo deduced. 

'J'lio interval between two successive node passages thus 
determined is tbo planet's period, - — exactly, if the node be sta- 
tionary; very approximately in any ease, for none of tlio nodes 
move rapidly. 

The method is not very satisfactory, liowovor, (1) hecauso the 
planetary orhUs cross the ecliptic at .so small an angle that the 
latitude is almo.st zero for many hours, so tliat the precise sec- 
ond is dinicult to determine; (2) then, also, the pei'iods of the 
more distant phinols are too long, — Uranus, 84 years ; Neptune, 
194 yearn, — too long to w’ait. 

SfO, ^^(’t'(>nds ^>^ 0 ! Mean ^Sl|nodi^} Period, The sidereal 

period may also ht' delermined hy i'mding the mean s^nodio 
period of a i>lanot from the dates of two widely 

Hcpurated in time if possible. 

The e.vaet instant of opposition is found from a series of right 
aseensioim and declinations olwei’ved about the proptn* date ; by 
emupuriug the deduced tougiUide.s of tlie planet witli the eorro- 
.sponding longitudes of tbe sun we lind easily the precise moment 
when tile dilfereiico was Wlum the synodic poi'iod is 

found the mdereal is at ouee given by the equations in See. 851, 

^ ^ * for an inferior planet ’ ^ ^ 
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It will not answer for this pin|H)so to deduce the synodic 

period from two mmmme ntipositions, hecanse, on afsoount of 

tlie eoeentrieity of the orhilx, holh of the iihmet; and of tlio earth, 

the syuocUe periods ure notably variable. Tlie observatienH must 
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be suflicioiiilj’’ separated in time tn give a good deUn'iniimUtm 
of the mean synodic period. 

In the case of all the older phinols avo Imvo obsorvatitins rim- 
ning back nearly two tlionsand years, so that no dillionlty arises 
on this score. For the newly discovered planets the method 
would be seldom available. 

371. Geometrical Method of determining a Planet’s Distance 
from the Sun in Astronomical Units. — Whim we know a phuiet’s 
sidereal period it is easy to determine iUs distance from the sun 
by two observsitions of the planet’s <'lonii<dio)iJ)'ovi tho mn^ made 
at dates separated by an intervid of emcily one. of Us perioth. 

The elongation, it will bo romemlicied, is tho difl’oronco 
betAvoen tho longitude of tho planet and Unit of tho sun a.s soon 
from the earth, and is determined for any given dale by a sories 
of moridian-circlo observations of tho planet and sun oovoring 
that date. 

To determine, for instance, Iho distanws of !Mars avu must 
havo two observations of tho planet’s elongation, J/yJ»S' ami iVCH 
(Fig. 181), separated by an interval of (180.1)5 days ; so that at 
tho momont of tho second obsorvation from the earth at C tho 
planet Avill oocupy precisely the same point in ils orbit as when 
observed from A nearly Iavo years before. 

In the figure tho two angles at y/ and (* are given directly 
by tho observations. Tho angle at tho sun, ybVf, is dotovinine’d 
from the earth's motion cluriny the elapsed lime^ wbieh is les.s tlutn 
two sidereal years by 780.68 days minus 080.1)5 days, i.t*., by 
d8.58 days; this makes the angle y(,S'6' very nearly 18°. 

Tho sides AS and CS are radii voetores of tho earth’s orbit, 
accurately known in terms ol tho mean distanoo of tlio earth 
from tho sun, which is tho astronomical unit. 

In tho quadrilateral SAUa wo havo, thoroforo, tho three 
angles yi, /S', and C given, and tho two siclos AS and VS^ wo 
oau, therefore, proceed ]ust as in Sec. 190 in computing tho 
lino /S'i/, finding both its length as compared Avith yi*S', tho 
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nstrononu(jiil unit.’, and al«o tlio planet'a dircdum from the Hun^ 
given hy tho angle ASH/'ov Lotli of wliieli coiiui out in tlio 
coiirso of tli(! cal(!ulation. 

'I'lif! studiiiit Win follmv mil for liiuifidH’ tint in‘oot!.s.s by "wliioli from bvo 
olmif^'iitimiH of Yoinis, AM Kuiul AViF, obwsi’vttii ab an iiitnrval of f/ro/.v, 
XFc'iia 1)13 di3 ton 111 1 10(1. A liltio inodilioiiticm ia luiccHHUry from llio fact 





(Imt tlio points fails wiHiin tho ti'luuf^lo roriiiod by tlm two poHilictiis of 
till) oai'tli Hud pliiMol, iiiaload of autsidi' of it, as in tlio ouho of jMat's. 

37SJ. Kroin a Hufluiinnt number of Hiuih pnim of olworvntiona 
. (liHtril)Ukid around an orbit it in ovidontly [loasiblo to work out 
aoinplotolj^ itH niagnitudn and form ; and it whh pniaiHelj'' in 
tliia way that Kepler^ utilizing the rieli mi no of data containod 
in Tyolio’a long ho vies of olworvatioiiH^ pi’ovod tliat tlio oi’hit of 
Mars in an dlijme (and later tlioso of tho othur plauots also) and 
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deduced their distances from the sun as compared with that of 
the earth. His Harmonic Law was then discovered l)y simply 
comparing the jioriods with the distances. Now that we Inive 
the Harmonic Law, a ])lanet’s approximate moan distance tain, 
of course, after its period is knowji, he niiioli more tnisily found 
by applying that law tliaii by the geuinetrieid mothod just 


explained. 

373. Simple Method of finding the Distance of an Inferior 
Planet, — Tn the case of Venus, whieli lias an orbit almost per* 

feetly eireulai', wo can nso fcho 
method indicated in !''ig. 182. 
When tlio planet is at il-s groaL 
est elongation the angle at 
is sensibly a right angle, and 
if wo tlicn measure Clio elonga- 
tion tSJSI'’y wo have at oiieo <S'/' 
~ jS7i’ X sin I'^/CV. 

Morcury's orbit is so oecon- 
trio that the metliotl gives only a 
rough approximation, the angle 
at jV not being a right angle; 
but, by talcing many observations distributed all around tlio 
orbit, an aociirato result may bo obtained. 

374, Planetary Perturbations.^ — -Tlio attractions of the planets 
for each other slightly disturb their otherwise elliptical motion 
around the sun, but tlioir disturbing forces are, witli few excep- 
tions, extremely small, and the resulting porturliations are, as a 
rulo, much los.s than in the case of tlio moon, d'lio oxooption ia in 
the case of some of the asteroids, wliioh at Urn os come near enough 
to the gigaiitio Jupiter to bo displaced by as much as 8® or 10°. 
Tlio interaction between Jupiter and Saturn also produces appar- 
ent displacements of these jdanots exceeding half a degree. 

The planetary perturbations are divided into two classes! 
(1) the periodic perturbations, which depend on the positions 
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of tlie 2}tanets in their oi’hits and aifoct theii- orbital positions 
(tliesG gonerally riiu throngli their oyclo witJuii a coutury) ; 

(2) the secular perturbations, wliioh depend on tiie relative posi- 
tions of the 07‘hits the7n8clves -willi reforenoo to each otijor and 
produce chang(!S in the elemenU of (he orhiis affeothuf the positions 
of the planets only indirectly (tlujso liave periods of thousands, 
and even millions, of years). 

375 , Periodic Perturbations, — 'Tlio.so of Mercury never exceed Aittoma of 
16", as .soon from tins sun, Tho.so of Venus may reach 30": ^'‘^rwioatu 
those of the curtli about 1' (say 30(100 ??u7rs), and those of Mars tJemsof ow 
a little exceed 2'. As already mentioned, tlie mutual disturb- 'Htfoma 
anc'-es of dupiter and Saturn arci miuili larger, veiiching 28' and 

48', respectively, 'riio.so of Uranus never rcueli 8', a-sseou from 
tlie sini, inid (hose of Neptune are smaller yet. 

'I'lm gi'i'Jit iwi'Liii’bntion hf^t\v«<“ii ,Iupi((>r iind Siituvn is ciillod a “long 
iuiiipmlity,'’ Imving ji ins’iod ut !)lil ynuvH. It is ilut- to 11 lo iiuai' coniinoii- 
siu-nbilily of Olnsi' jHn'iod.s, sovrnly-HiiVi'n of Jupi tor’s pri'iods boing almost 
Bxaokly tHpuU to iliirty-ono of .Sal urn’s, botwoini Uranns and Neptuno 
Umrn is a soinowliat similar “bmg iiic(iuaUty” with a poriod oxcoeding 
IDdO ynars. 

376 , Secular Perturbations, — 'I’liese, as already said, depend scmiUa- por- 
upoii the relative positions of tlio o^'hits^ but not of the planets 
tiiQinsolvos, and tlioir offeete are to change the orbits and only orbits, 
iudii'cetly to alter the po.sitions oecupiod by the plunets. Those 

SGOular pei'turbations are extremely slow in tlioir developmenfcj 
running on, as tlie name implies, “ from ago to ago.” 

A most reniarkahlo fact, iirst proved by Tmplaee and 
Lagrange about a eoiitury agt), is tliat the 7n(({ior axes and Constaacy 
periods tiro never altered liy these '‘socnliir perturbations." ‘'^“ndor 
While subject to sliglit periodical cluuiges, they remain abso- poriotiH. 
lately constant in tlie long run, so far as pliinetnry action goes. 

*riio mnifis and pnihclh^ on the other hand, luovo around uovohiumi 
oontimiously ; all tlic nodes regress, and tdl the perihelia (that 
of Vemis alont* ex cep tod) advance. 
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Ammling to rjovorrioi’, tho RhorUwt of thoso porunlw of r(t\n- 
lution is 1)7000 yoars (tlio lino of iioilos of llrauus), iind Uu^ 
longest is 0*10000 (that of tliu poviliulion of NopUmo). Jiut ihoHo 
nnmboi'S niust not bo acooptod tof) oonlldontly, sinoo tbo rote of 
motion is not uonstant, IniL iUsolf is snbjinit to sooidav variallou. 

Tlio imilinalions of Lbo orbits to tbo et!li])Uo avo all sligliUy 
(ihaiigod in an irregular oHoilUdory inannor, soino int'r<‘asiMg and 
some dimiiiisiiing. As lavplaoo and la-vurriisr bavo [irovod, 
all tboHO cliang(3H avo for tbo prin(‘it)al plaiuits oinijinfil within 
nafrow limits of not inoro than a dogroo or t\vo. 

Tbo eecentrioidcs also obango in tbo samo irrognlav way, 
inorofiaing, sonio dcioroasing, but novor obanging gr(!atly. 'I'lu'sn 
oscillations, both for inolimiUons aiid O(‘(unil-rioiti(‘s, usually 
occupy from 10000 to 50000 years, but (ilauigtJ eouliuually; 
a long and extensive swing in one dirojition may or may not bo 
followed by a short one vovovsing its efftsets. 

'J'ho Btalianoiils amdc! with rnrunaicc Id 11 h« unia){iertivtit (ihanii‘(t>r nf 
tlm plancLavy pc'i’luvliivtioiiH do not n]i]ily in Mat ohho of tin' nHtcroids, (In, 
orlalH of wliich niay ponsibly lu' Hiibjnct to very inatni ial alU'riiluiHH. 

377. Stability of the Planetary System. — It was near lbo (Uid 
of tbo last century that Laplace and Lagrange HUetmediHl in 
sbowing that the orbits of the ])riijei])al [)binets of llui system 
AvoitUl never bo seriously changed by their mntnal attraotidiis. 
As has been set bnib in the protioding se(;tinn, obanges tuanu’, 
but none of sueb a charaeter or extent as to bo subversive. 

Since the major axes and imibids J'emain (constant, ami I ho 
revolution of tbo nodes and a])8idos is of Hi tie immieiit In 
afCooting tho conditions of the [daiiots, the ecaontriritii'H and 
inclinaiiom alone come into consideration ; anti with I'cspeoL In 
those Laplace proved that tbo obanges (hw to jwrtiiyhatiom 
must bo too small to be of any serious eonaoquenco. 

It does not follow, however, that because tlie mutual atlnm- 
tions of the planets cannot sorionsly clorange the system it 
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is, tluu'oforo, of necessity soeurely stable, 'rhore are otlior 
concoivablo notions wbicb might (uid ev{5n in its ultimate 
dcstriiotioii ; siuili, for instance, tis that of a renkting medium., 
or tlio intervention of largo bodies coming* from without. 

378. The “ Invariable Plane.” — Tliore is no roasoii wh,y tbe 
eclij)tio — the plane of the eurth’.s orbit — sliould be made the 
fundamental plane of referoueo for the solar system, except 
tliat ive terrestrials live on the earth. Tlioro is in the system, 
linwever, an “invariable plane,” as disdoveml by Laplace in 
1784, the position of whhih remains forevtu' unclmnged by any 
mutual notion Ix! tween tlu! bodies of the system, just a.s doo.s 
their common center of gi'avity. 

Thin plane .Ks jlafincd by the following eoiiditioiisi if from ull llio 
])laiu!(.s iHM'pmidimihu'H an* drawn lo H (ttadinioally, if tlio piano Is be 
“ proj<!cl<*<l ” on (bia piano, which jiasst's tlirough tho c«nit(sr of gravity of llm 
Kysloni), and if thon M’o nuiUiply th(5 vum of tnioh planet by tho ami whielt 
its piHijeeled radius vi'clor dostn-ilu's upon this plane, in a unit of tiuto, 
iirouml tlu! (Hiiiter «>f gravity, the* {Utm «/' (/m proiluvlit mil he a maximum. 

The didorniiinilion of the po.sition of this piano dinoands, liowevor, 
tin aoeiirate louiwh'dgo of tlio, niaH.sos ami motions of ull tlio piano la, dis> 
coverall and uin 1 i sen vi trod, biOonging to the system, and tho data now in 
uiu* p<)K,4e.sslou liardly warnint a final assignmoiit of its location. Accord- 
lag to the computation of Stock well, it is inclhuid to tlm )n'e.sent eidiptic at 
an angle of about 1” ofi', its aHCtauUng node on the ecliptici being' in Imigi- 
tinle KMi® dll'. As might be expocliid, it lies between lliu idunes of tiio 
orbits of .bipiler and Saturn , and viay near to 11 mt of .bipitcr. 

'riuc 1 AKica’s tiimm se l viss 

111 disouHsi ng the “ porsoniil poo uliar Hies ” of the pliuiots wo 
have to oonsulor a variety of different data, mo.stly obtained 
by teloscopie study and inicrcnictrie incamiromonlx, — sueh, for 
instance, ns tlieir ditumlen ; their mmmn iiiid demitieH ; their 
axial rofalion; tlioir mr/aae marlemf/^} their ntmoHjdievie 
nmmmiu if any; tlieir alhcdoy or liglit-re (lee ting power; and, 
(hmlly, their HuLdlUa HysUmn, 
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379. Determination of “ Size,’' — Diameter, Surface, and 
Volume. — The size of a planet is found by niGasuring its appay- 
ent diameter in seconds of arc witli some form of “ inioromotor” 
(Sec, 71) attached to a powerful telescope. Since from the ele- 
ments of the orbit of a planet and of the earth we can liiul the 
distance of the planet from the cartli at any time in astro* 
noinioal units, we can at once deduce the real linear diaintJter 
from the apparent diameter D" by an equation slightly modi- 
fied from that given in See. 10, viz., 

A X P" 


linear diameter = A sin Jj'\ or 


' 20621)0 ’ 


A being the distance of the planet from the earth. 'L'liis will 
give the linear diameter ns a fraction of the astronomical unit 
and can be converted into miles by sim})ly multiplying it by 
93 000000, the iium])er of miles in the unit. 

For many purposes it is convenient to express the planet's 
radius in terms of the earth’s radius by dividing IniU tho diame- 
ter in miles by 8969 (the number of miles in tho moan mdiiis 
of the earth), designating this relative radius by /?. 

The surface area of tho planet in terms of tho oar til’s surface 
is tile 11 p% and the vohme or hulk of tho ])lanot is in tonus of 
the earth’s volume ; z'.e., if, as is nearly true in tho oiwu of 
Jupiter, p = 11, then tho surface of tlio planet is 121 limes that 
of the earth, and its bulk 1881 times that of tho earth. 

Tho nearer the planet, other things being equal, tho more 
accurately p and tho quantities derived from it can bo doloj'- 
mined. An error of O'M in measuring tho apparont cliaraoter 
of Venus when nearest counts for loss than thirtoon milos, but 
ill the ease of Neptune it would correspond to more than 1800. 

380, Mass, Density, and Surface Gravity. — If tho planot has 
a satellite, its mass oomiiarod ■with the sun is vory easily and 
accurately found from the proportion 


+ Jt) I jl) -f 8 : ! 


— . 
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ill whicli N is tho mass of the suil p that of the planet, vf the 
mean distanoo of the planet from the sun, and T the planet’s 
sidereal period ; while s is the mass of tho satellite, a its mean 
distance from tho planet, and t its sidereal period. 

In almost all cases in tho first term may he nogleetod as 
lompared witli N, and in tho second term s as compared with j(?, 
ivhioh makes the proportion read 
a'* 

n wo want tlio mass as (;o??ijjared with llic earthy the first 
H’oportion heeoni(!S 

(earth >1- moon) : (planet + satellite) 
oubo of m oon’s distance 
s (pi are of moon’s sidereal period 
. satellite’s distaneo \ 

' \s(|uai ’0 of satellite’s porioci/ * 

The mass of the moon being of that of the earth, it cannot 
■0 nogleetod in eoniparison with the earth’s mass. (No other 
iitellito lias a mass more than of its planet.) 

It is to ho noted also that instead of tlio sidei’oal period 
f tho moon wo must use a period about an liour shorter, in 
rdor to allow for the notion of tho siin (See. 827, (1)). 

Tho ohsorvations upon whieli this method of dotorniining a 
lanet’s mass depend are those of the satellite’s f/reatest donna- 
on, the measures of dislanv.o. being (especially important, since 
10 distauee outers into tlie formula hy its oubo. 

When a planet has no satollite, as is tho case witli Moroury 
:kI Venus, its mass can be dotormined only by moans of the 
'iHiirhations it produeos in tho motions of other planets, or of 
)inets that Imppen to come near it. 

In tho ca,so of Moroury the mass is still very uncertain, 
eiius, liowevor, disturbs the earth siiiriciently to give a very 
3od do term illation of her muss. 
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381. The proportions given in the preceding section live eiusily 
derived for circular orbits from the c(i nation for the general 
equation of the motion of a small body revolving around a larger, 

VIZ., AttS ^ 


(.1/- + m) 


This equation is obtained by conibining the eiiiiation for tlu? 
gravitational attraction between two splieros fiirprcmul as an 


aooela7'ation (Sec, 146), viz,, 




, M -f m 

'^U~' 


with the expression for the central force in circular motion 


(Sec. 306), vi'z., 


./ = 


4 irh' 


Replacing J) in tlie first equation by r, and o (plating the two 


values of /, we have 


y'i ^2’ 


from which equation (1) follows at once. 

In forming the proportion the constant factor drops out, and 
we have a a 

b '2 

As Newton proved, this is accurately true for elliptical orbits 
also if for r we pub «, tlio semi-major axis of tho orbit; hut 
the demonstration lie.s beyond our scope, 

382, Surface Gravity and Density. — Wlien the mass has heon 
determined tho surface gravity and density follow at once. 
Putting y for surfacio gravity as compared with tho earth, wo 
have 

Y = __, 

m being the planet’s mass, and p its radius as compared with 
the earth’s. The dansity^ compared with tlio earth, is simply 

-g ; if we want the specijia gravity^ i.e,^ density as compared with 
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water, we must multiply tlio result liy 5. 58, tlie density of the 
earth, Any error in the measured dianuster of course uffeots 
very seriously the computed donsit}^ and gravity. 

383, Rotation Period and Data connected with It, — The length 
of the planet’s “ day,” when it ean he de term i nod at all, is usually 
ascertained hy observing some well-marlced spot on its disk and 
noting the times of its KuecesKire returns. An approximate 
valiio of tlio rotation period is obtained from the obsorvatlou of 
such returns dnring a few days or weeks, and this is afterwards 
corrected by data furnisbed from observations separated by tlto 
longest interval obtainable, — a century tir more if possible. 

Mars, however, is the only planet of which the rotation period 
is known witli great accuracy; the others either show no wull- 
deflnud markings, or only sueli niarkings as seem to bo more or 
loss movable on tlio planet’s siirfueu, lilce spots on tlio sun. 

In reducing the observations account lias to bo taken of the 
continual eliange in the direction of the planet from tho earth 
and also of the variations of its distance, which alter the time 
taken hy light to reach us. 

In tho ease of the little planet hlros, a largo and regular vaid- 
ation in its brightness, observed for some months early in 1001 
in a cortidu portion of its orbit, was probably due to its axial 
rotation; if so, tho photoniotrically moasurod period of variation 
of brightness gives a do to rmi nation (if tho length of its day. 
(See Sec, 428.) TJie planet is far too small to show a disk in 
tho telescope, and of course no ohservations of saints are possible. 

Tho inolination of the planet’s (xpiator to the plane of its 
orbit and tho positions of its poles and cipiinoxos are deduced 
from tho oUsorvatious of thoj^m/As of tlie siiots as tlie,y cross the 
disk. Sucli data, however, are available only in tlie oases of 
Maro, Jupitoi’, and Saturn. 

It may bo added tliat tho diHappearaneo of tho variations of 
the brightness of Eros in May, 190 (, after pursistiug over two 
months, is naturally explained liy Pi-ofessor Plokcring ns duo to 
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the fact tliat in May its was turned toimrds ns; anil, it so, 
this gives us the position of the planet’s axis and (spiator. 

The ohlateness^ or polar eonipressioii, of the planet, duo to its 
rotation, is found simply by nieasuring tho difforonce between 
the polar and equatorial diamoter.s ; but the difforenee is always 
very small, so tliat the percentage of its jirobable error is I'athev 
large. 

In some cases also the ohlateiioss can bo detcrinimul from 
observation of the motion of tho nodes of the planet’s satolHUis. 

384. Data relating to the Light of a Planet. — 4’iio hrii/hi- 
?ie8s of the planet and tho reflecting power of i(s surfaeo, or 
albedo^ are determined by observations with the photometer, 
which is sometimes used direct, and sometimes attached to a 
telescope; wo have just pointed out how, in one ease at least, 
such observations may also bo available for determining tlie 
rotation of a planet. 

Tlie spectroscopic pecidiarities of the planet’s light are of dourse 
studied with a spectroscope, and usually by speoirosoopio photug- 
raph 3 ^ A planet always shows, so far as its brightness permits, 
the linos of the solar spectrum and, in some cases,* additioiml 
lines or bands of its own, which give information as to the 
constitution of its atmosphere. 

386, The Planet's Surface Markings and Topography. •— These 
are studied with tho telescope by making careful notes and 
drawings of the appearances and markings seen at dilToront 
times. If tho planet has any woll-doflnod and chanudoi'istio 
features by which its rotation can bo determined, it is soon 
possible to identify such as are jjormanont and to eliart them 
more or less perfectly. 

At present, however, Jfnvs is tlio only jdanot oi! whioli wu have hfli'it 
able to obtain wliat may be oalled ii real map, tlioiigh aomo proUminury 
ohavtings liavo been atlomptccl for Venus anil Meromy, 'Pho surface 
markings, wliioli are often very distinct and boauliftil upon .lupiter, are all 
of a more or less transient cliaraotor. 
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Thus itiv photography hiis {^ivi.'ii hut little help in tin; study of planetary 
surfacos. The imagQs forincd even by the largest tolosoope nv<) too small 
compared ulth tho “grain” of tlio sensitivo film; and tho light of tlio 
planet is so feoblo that long oxposui'o is iwiuirod, during Avliich the atinos- 
pherio disturbances usually confuse the imago. It is perhaps not impos- 
sible that in tho future those difliaultios may bo overcome by tho invention 
of still more sensitive plates with a finer grain and by the use of telescopes 
of extroinely long focal huigtli plaiiod in a fixed position ami fed ” by 
a siderostat) — a moMmd suggested, and now lieing tried, by Professor 
Pickering of JIarvaril. 

388. The Satellite Systems. ^ — Tlio priiiulpiil data to be deter- Sateiiito 
mined in rosijoob to tlieso SYstoms are the distances and periods 

n. MU 1 • • PI llioolumoills 

of tbo satellites. Xhoso arc got by vnarometno measures oi the aetonutuoii 
apparent distanco and diroction of eaoli satellite from tbo planet^ h.v miero- 
or from other satellites, as is now quite the usual method, si noo observations, 
tho distance and direction between two satellites (which are 
more points of light) can be men.sured much more precisely than 
between a satellite and tho center of tho largo disk of a planet. 

Tlio reduotion of tho observations in this latter case is, however, 
very complicated. 

In a few eases tho satellitos presmit dhks largo enough to bo 
measured and show spots upon them, so that questions of their 
rotation and surface markings admit of disous.sion. Also, wliere Dininoiow. 
there are a number of satellites attending a planet, their mutual 
porturhations furnish a very interesting subject of study uiul 
make it jmssiblo to detormino their inasBes roltitivo bo that of Mnuson. 
the planet. 

With the exception of our moon and raptttus(the outer satol- Nwvr 
lito of Saturn), all tho satellites move very nearly in the plane 
of thoir planet’s equator, — ^so far at least a.s known, since tho inpiuDoot 
position of the equators of TIranus and Neptune has never 
yet been ascertained. Moreover, all the satellites except tlio iiavoorbiis 
moon and Hyperion, tho seventh .satellite of Saturn, move •*®«**y 
ill orbits of very small eocontvicity, in faot almost perfect ’ 
oil'd ort, Laplace and Tlssorand luivo shown that the “ equatorial 
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piDtuberaiico” oJ: a planet, duo to it« axial rotation, ooinpolH ii 
near satellite to move nearly in the equatorial i)lane. 'i'lio inpi’o 
distant satellites, like the moon and lapotus, on the Otlior 
hand, raoye nearly in the orbital 2 ^lane of the planet, 

The circularity of the satellite orbits is not yet accounted 
for. 

387. Classification of Planets. — Huinholdt lias elassilled the 
planets in two group.s, — tlie “ terrestrial planets,” as lie calls 
thorn, and the “ major planets.” The terrestrial group coutaiiis 
the four planets nearest the sun, — Mercury, Venus, the ICavtli, 
and Mars, 'i’hey are all bodie.s of similar nmgnitudo, ranging 
from 3000 to 8000 miles in diameter; not very different in 
density and probably roughly alike in pliysieal constitution, 
though probably also differing veiymuch in the extent, density, 
and character of tlieir atmospheres. 

Tho four major planets — Jupiter, Saturn, ITramis, and Ne])- 
tune — are much larger bodies, ranging from 32000 to 90000 
miles in diameter; are much less dense; and, so far as wo can 
make out, present only cloud-covered surfaee.s to our inspection. 
There are strong reasons for supposing that they are at a liigh 
temperature, and tliat Jupiter esjiooiaUy is a sorb of “ semi-sun ” ; 
but this is not certain; 

As to the asteroids^ the probability is that they rejirosont a 
fifth planet of the terrestrial group, which, as has been alveudy 
intimated, failed somehow in its evolution, or else has been 
broken to pioecs. 

Fig. 138 gives an idea of tlie relative sizes of (he planets. 
The sun on the scale of the figure would bo about a foot in 
diameter. 

388, Tables of Planetary Data. — In the Appendix wc proson t 
tables of the different numerical data of tlie sohu’ system, derived 
from the best authorities and calculated for a solar parallax of 
8'^ 80, the sun^s mean distance being therefore taken as92897000 
miles, These tabulated numbers, liowovor, differ uddoly in 
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{iccumoy. The periods of the planets and their distances in 
astronomical units are very inecisoly known j probably the last 
decimal place in the table may be trusted.. Next in certainty 
come the wmsf/es of such planets as have satellites, expressed in 
terms of the sun*s mass. The inas.ses of Venus and, especially, 
of Mercury are much more uncertain. Tlio distances of the 
planets in miles., their masses in terms of the earth's mass, and 
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their dianietors in miles, all involve the solar parallax and 
are affected by tlie slight nmicrtainty in its amount. For the 
remoter planets, moreover, diameters, volumes, and densities arc 
subject to a very considorablo percontiigo of error, as explained 
above (See. 879). The student need nob be suriirised, therefore, 
at finding serious discrepanoies between the values given in 
these tables and tboso given by other authorities, amounting in 
some cases to ton per eent or twenty per (jout, or even more. 
Such differences merely 'indicate the actual uncertainties of oiir 
knowledge. 
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389. Sir John HerschePs Illustration of the Dimensions of the 
Solar System. — In his Outliim of jhiro no nuf Ilui’sclu!! given 
the following illustration of the relativo mugnlUulus iiiul dis- 
tances of the members of our system j 

Choose any woll-lovollod fiohl, On it plucii agloliu Lwn foot In 
This will represent tho sun. Ahrcw'ij will Im roprewuiU'il hy a gniin of 
mustard seed on the oirouinCovencu o£ a oirelo 1(1 1 i’nut in cliunuttur for its 
orbit} Feniw, a pea, o)i a oirclo of foot in (liiunnh>i‘; llm /vu»7/i, uIho 
a pea, on a oirclo of 430; Mars^ a ratlior lavffe i iin'a licinl, on a nirtjlo of 
064 feet; tho asierokb, grains of wind, on (H'lnts having a diainolur tif Idilii 
to 1200 feet; JnpUc}\ a uiodorato-siziHlnraiigi!, on « oirdln niuirly half it inih* 
across ; a small orango, on a oirolo of four-IlftliK of a ntiht; Umim, 

a full-sized cherry or small plum, upon a oirouniforoiuui of a eirolo niniv 
than a mile in dlamotor ; and, Anally, Neptune^ a gotid-sizud plum, im ii 
circle about 2^ miles in diainotor. 

We may ndcl that on this soalo tho nearest star would bo on 
the opposite side of tho oarth, 8000 miles away. 


EXERCISES 

1. What is tho moan daily gain of tho earth on Mars as hOwi from Urn 
sun, t.c., tho synodic motion of Mars, assuniiiig their sldenuil jierimls an 
806,26 days for tho earth, and 0B7 days for Mars? 

2. Find the synodic period of Venus, her sidereal period being 226 days. 

3. Given tho synoclio period of a planet as 3 years, what is ila Bitlereal 

‘ Ann. n of a year, nr 

(1^ years. 

4. Given a synodic period of 4 years, And the sidereal period. 

6. What would be the sidereal period of iv planet whloli had iu syimclie 
period equal to the sidovoal? , 

w-Dw. a yearn. 

6, A\ ikhin what limits of distance from the sun must lie all pluneta having 
synodio periods longer than 2 years? (A)iply Kepler's third law aflei- 
finding the sidereal periods that would give a synodio period of 2 years.) 

v-lns. \ uuHs, or 70 onciOOO miles, and 

1 1.688 (vstron. units, or 147 fiODOOO milos. 


THJi PLANJiTS IN (IKNJillAJ. 


345 


7. A brilliant starlilco object was aeon about 7 i'.m, on May 1 exactly at 
the oaat point of tho horizon. Could it lia^'e been one of tlie planets? 
If not, why not? 


8. M((roiiry was nt inferior eonjmiction on Fob, 8, 1811(1, at 1 1‘,m, 
Oji May (I, nt In ininutcis nftor noon (exactly one Mulereiil period later), 
its olongation from tin! .sun was observed to bo 18“ oO' K. Find the dis- 
tiinco of tlu! planet from the .sun in asfcronoinioal units, tho earth’s orbit 
being regarded as circular, (See Sec, 871.) 

(Tho fact that tlu! lir.st tjb.sttvvation was iiunlo at conjunction greatly 


sitaplinoH tlio Guluulatioii.) 


( Distance from the Him, 0.885 iistron. units, 
i ('.riio planet waa near perihelion.) 


9. At a time when Jupiter’s distancis from the earth was <1,0 astronoiiii- 
cnl units its apparent (‘(piatorial dianiid(!r was observed to he d:8".8. Find 
the diameter in miles as detorinincd by this obsi'i'vatioii. 

J ns. 80700 miles. 



New PliyHleal Observulory, (}r«miwlcli 
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Moi'tfiiry, ViMiuH, ami M»i'« — Tlio riilniinavta trial riaiiatH- • 

/odliu'al 


MIOTiCURY 

390, Morciuy hns boon kiioAvn from iHomRo an(i([uil,y» iiml 
wo liavo rocordocl ohermtions runninj,'' bac.k to iiiM im!- Al 
first as troll oiners failed to roeogiii/.u it as the samu body on tim 
oastorn and western side of tho sun, aiul among liio (Iroulca it 
Twoimmos had for a time two mimes, — Ajiollo when morning star, and 
forMwcimy. '\yiion evening star, ft is so near tlm snu lliat it is 

comparatively seldom soeu with the naked eye (( ’oiim-niunH is 
said never to have seen it), but when near its greatust elonga- 
tion it is easily enough visible as a brilliant star of tin? lii’st mug- 
lioatUinoH nitnde, though always low down in the twlliglit, It is best 
Momm-yf evening at siioli emtern ehtngatlons as oeeur in Mureh 

and April. As a morning star it is best seen at western elonga- 
tions in September and Ootobor. 

It is an exceptional planet in various ways. It is tlm nmnnl, 
to the sun, receivcB the moBt Uf/ht and hvul^ is tiui in iU 

movement, and (excepting some of tho asteroids) hnn th imml 
eoeenirio orhit, with the ffreatest inclinalwn to the imUptuh It is 
also tho mallcBt in diameter (again oxeoptiiig the asteroids) and 
' lias tho least masn, 

roouHailiios 391, Its Orbit, — Its moan distauoo from tho sun is about 
000000 miles, but tho eooon tricity of its orbit is so great 
tsomii iiinmny (0.206) that the sun is 7 600000 miles out of the eoiiter, and 
I'flflirootB, the distance of the planet from tho sun ranges all tho way from 

.‘MO 
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28 500000 to 43 500000, while the Yolooity in its orbit varies 
from 3() miles a second at porilielinn to only 23 at aphelion. 

Its distance from the earth ranges from about 50 000000 miles 
at the most favorable inferior coujuuotion to about 136 000000 
at the remotest superior conjmiotion, 

A given area upon its surface recieives on llie average nearly 
seven times as much light and heat as tire saiiro area on tho 
earth ; and tins heat received at perihelion is greater tliuu that 
at aphelion in the ratio of 9 : 4. bhr this reason, even if tho 
planet’s e (pi a tor should be found to be parallel to tho plane of 
its orbit, there must ho two seasons in eaeli Alorcuirian year, SonsonH 
due to tho changiiig distance; and if tho planet’s ecpiator is l 
inolinud nearly at the same angle as ours, tire seasons must bo onta ori 
extremely cnmi)li(!ated. 

TIio mhrml period is H8 days, and the s}f}iodio period (from 
conjumition to tjonjunction) 11(5 days. Tho (/reatcM elongation 
ranges from 18° to 28°, on aciflount of the ecoenti'ioity of its 
01 ‘bit, and occurs about 22 days befoi'o and after inferior conjunc- 
tion. Tho inelimiUon of this orbit to tho e (dip tic is about 7°. 

392. The Planet’s Magnitude, Mass, etc. — Tho apparent niiunoioi 
dinrnoter of Mcreury ranges from 5'' to about 13-", according to 
its distance from us, and the rtjal diameter is very nearly 3000 
miles, Its mrfaoe i.s about one seventh tliat of tlic earth, and its 
volmne^ or /nd/c, one einhteenih, 

Tho plamd’s mnss is not aocuratuly known ; it is very dinicult 
to detenuino, simui it has no satellite, and it is so near the sun 
that its distnrhing effect ujum the otlurr planets is extremely 
small, so tliat the values ealculated from perturbations produced 
by it are very discordant. 1 )iff(}i‘en(; computers give results rang- 
ing all tire way from |, of the earth’s iiiass to -gig.. It probably lies 
somewhere betwcum and JUs tiiass is, however, unques- 
tionably smallc]' tliaii that of any otiicr planet, asteroids oxoepted. 

Our uncertainty as to its mass prevents us from assigning sumii sue 
any certain values to its density or surface gravity ; probably it 
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is not c[iuto so dense as the eiirtli. AsHiniiiiijLf N(nv(!mnl>’H irtuH** 
of that of the earth, the density (sonuts out iihont (I.Hd, mid 
its surface gravity a little less lliiiii ly, 

TTeicscopic 393, Telcscopic Appearauccs, Phases, etc In tlu^ Udescupt’ 

Srpiiasos planet looks like a little moon, sliowing plmses pveniHidy 
similar to those of tho moon. At inh'rior iionjiun ‘11011 ({nt ihtrk 
sido is to\yai'ds us, at suporiov eonjmietioii tlm illuminittml hui- 
face.. At greatest elongation the jdanot ajipears tis a lialf-iiiunii. 


Fin. IIH. — I’liiiHOH (if Moi'ciiry iint) Vciuih 

It IS gibbous between superior eonjiiiietioii iiiid greatest elnujtpi* 
tion, while between inferior oonjimetioii and elongnticm it: alioww 
the orescent phase, 

Fig. 134 illustrates thb phases of Meivury (iind of Vmm ivl«f:i). 

Atniospiiwo The atmosphere of the tilanet cannot lie as dmiso as (Imt nf 
^ because at a transit across the sun it shows no enoirolinjg 

ling of light, as Venus doG.s (See. 401), Moth lIuggiiiH iunl 
Vogel, however, report spec troscople ohservailons wldeli imph- 
tlio presence of water vapor j U,, tlio planet’s Hjieetrum, in athli- 
tion to tho ordinary dark lines he longing to tlm speetnim nf 
reflected sunlight, shows other bands known to be due to water 
vapor, but it is not yet quite eertain wliutliiu' tlm vapor ia in 
the planet's atmosphere or in our own. On tlm wlmlo, it i« 
probable that tho atmosplioric cnmlitionH are nuidi like ihnm 
upon tlie moon, since under the powerful notion of tlm Bolnr 
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lieat a planet of so small a mnas would probably lose most of its 
atmosphere, if it ever possessed any. 

Generally the planet is so near the snn that it can bo observed 
only by day, bnt when proper precautions are taken to soroen 
the object-glass from direct sunlight, its observation is not spe- 
cially difTiGult.. The surface jn-esents very little of interest to 
an oi’dinaiy telesoopo» .Liko the moon, it is brighter at the edge 
than at the oentcr, 
but until recently no 
mai‘king.s have been 
observed upon its 
disk well enough de- 
fined to give us any 
trustworthy infou' 
mation as to its 
geography or oven 
its rotation. 

394. The Planet^s 
Rot atlon . — Schrbter, 
a Gorman n.strono- 
nicr an d a eon tempo- 
rary of Sir William 
H-erschol, and, to 
apGiilc mildly, an iin- 
aginativo man, early 
in tlio Inst century reported certain observations whioli ho oou- 
sidered to indicate high mountains on the planet and deduced 
a rotation period of 241^ 6“ ^ a result that stood uncontradicted 
until about 1890 and still appears in many text-books, though 
unconfirmod by other observons witliinstnnuonts oortainly much 
bettor than his. 

In 1889 the Italian astronomer, Schiaparelli, announced the 
disoovory upon the planet of certain dark permanent markings, of 
which he presented a map (l^ig* 136). Ho found also tliat these 
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Albedo ex- 
trbinely low. 


markings did not change their positions upon tlio planet’s disk 
even in the course of several liotirs (a fact obvioii.sly ineonsistenli 
with rotation in twenty-four hours), hut remained always 
nearly fixed in their position with respect to the termi- 
nator, — the boundary between tlio ilhiiuinatod and unilluini- 
nated hemispheres of the planets. Granting this porinaiuMioy, 
it follow.s that the idanet rotates on its axis onhf once dufinif 
its orbital period of eighty-eight dags; i.e., it hceys the same 
face always towards the sun as the moon does ioimrds the. 
earth. Slight changes in the positions of the spots .show, how- 
over, a comparatively large libration in longitude (So(J. 208, (2)), 
as there ought to be, considering the groat oeii on trinity of the 
planet’s orbit. This libration amounts to about 28'i° ; f.r,, tlm 
sun, seen from a favorable position on the planet, instead of 
rising and setting as with us, must seem to osnillate oast and 
west in the sky to the extent of ^17® in a period of eighty- 
eight days. 

Schiaparelli's repoi'led discdvoiy excited groat liiloresl, liut (Ito olist'h’ii- 
fcioiis arc extremely diflicull; oven luidor tlie Italisin lUiiinspliuri', and cnnnr- 
matiou was tardy, In 180(1, linwcvor, Mr. ivpoi'Uul its coiiipleto 

corroborjition ns tlie result of ohHcsi'vntlons at his Flag, stair Olmorvalruy, 
though it is rather diflicult to reeoiicilc his draAviiigH of tin.! Hiirfiicn iiiui'k- 
iiigs with those of Schiaparelli, Partial coullnuatiojiH liavo also Imcu 
receh'cd from other (piarters. 

If this rotation period is correct, as it probably is, one face of 
the planet is always sunless and probably intensely eold, Avhilo 
the opposite is always exposed to a sevenfold African Idazn of 
sunbeams. Between these regions is a space in wliicli, as a 
consequence of librations, tho sun aUernatoly rises above the 
horizon and drops back again. 

396, Albedo, — The roflooting power of tlio planet’s svirfactj 
is very low, ~ according to Zolhior, 0.18, a little lo.ss tlian that 
of the moon and much below that of any otlier planet, hardly 
higher than that of a darkish granite. 
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In tho proportion of light given out iit itrt difl'cn’ent pluiHOH it 
behaves like tlie moon, flashing out strongly near tho “ full,” 
z.e,, near superior conjunction, — a fact which prol)ably indicates 
a rougli surface with very little atmosx)lieric absorption of 
light. 

396. Transits of Mercury. — At the time of inferior oonjunc- Tmnsitsof 
tion the planet usually passes nortli or south of the sun, tho 
inclination of its orbit being hut if tho conjunction occurs Novombor. 
wlion tho planet is vciy near its nodc,^ it crosses tho disk of tho 
sun as a small black .spot, — not, liowevor, largo enough to he 
seen without a telescope!. Siiuie the earth passe.s tho planet’s 
node on May 7 and November 0, transits can oc(mr only near 
those dates. 

If tho planet's orbit wero truly (jircular, tlai transit limit 
(corresponding to tho ecliptic limit, Secs. 28(1 and 203) would 
bo 2° 10', and the conditions of transit would bo tlio same at 
caeh node j but at the May transits' the planet is near its aphe- 
lion and exceptionally near the earth, so tliat the May transits 
are only about half as lunnorona as tlio other. 

Nor the November transits the interval is sometimes only latorviUfl 
7 yeans, but is usually 13 or 40 years. Nor tho May transits tho 
7-year interval is impossihlo. 'i\vent 3 '’“two .synodic periods of 
Moreury are pretty nearly equal to 7 years ; 41 much more 
nearly eipial to 13 years, and 146 are almost exactly erpral to 
46 years. Hence, 40 years after a given transit another one at 
the same node is almost o or tain. 

Tin? hint Iruiisit ^vltH hv NoveiiiliisL’, IHDl, and ^VHM complololy viatblo in 
Uio Unitial .Stati'H. 'During thn Orat 1ml I* nl tlio ja’OHmit naninry trail sits 
will ocouv as ftilkiws : 

Nov. Hi, 1007, Jlay 7, I dill, :May If), 10137, 

Nov. (I, lOM, Nnv. H, 1!)07, Nov. 12, 1010. 

Only (ln) two ilrsl; of lliemi will ho visililo in llio Unitod States, and not 
tho onlivo traiiHit in either ease, Tho first transits of which tlie whole will 
bu visible here oceviv on Nov. Ill, 3 05!), and Nov, 0, 10(10, 
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Transits of Morouiy aro of no sptscml luslronoinioitl inipnr* 
tance, except as furnishing aociiraUi (lottsi’ininalions of tin* 
planet’s place. 

Newcomb has inaclo a tliorougli tixaini nation r>f all tlu* 
recorded transits in order to ttist the niiiformily of I ho tairth’ii 
rotation. They appear to indicate (hirtuin snuill irreguhiritioa 
in it, but hardly establish tlio fac.t as absolutely eorlain. 

VENUS 

The next planet in order from the sun is Von ns, hy far llu* 
brightest and most conspicuous of all, — the cardi’s twin sistov 
in magnitude, density, and general constitution, if not in ritlun* 
physical conditions. Like Mercury, it had two luuncs among 
the Greeks, — Pliosphorus as morning star, and llosiairns an 
evening star, 

It is so brilliant that it is easily seen by the naked eye In tlio 
daytime for several weeks when near its grentost elongation ; 
occasionally it is bright enough to catch the eye at niiee, but, 
usually is seen by daylight only when one knows pmuselj' 
whore to look for it. 

397. Distance, Period, and Inclination of Orbit. 1 ta mmn 
dutance from the sun is 67 200000 miles. 

The cGcentrieity of the orbit i.s tlio smallest in the jdaijolavy 
system (only 0.007), so that the whole variation of its dislanets 
from the sun is loss than a million miles, 

Its orbital veloeity i,s 22 miles ))ev second. 

The heat and light rooeived from the suii are most exaoUy 
double the amount roooivod by the earth. 

Its eidercal period is 226 days, or nearly seven and onoduilf 
months, and its synodic period 684 days,-- a year and sevon 
months. Irom superior oonjunotion to elongation on eitboi’ 
side is 220 days, Avhile from inferior to olongation it is only 
72 days, — less than one third as long. 
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The greatest elongation is 47° or 48°. 

Tho inclination of its orhit is about 8^°. 

398. Magnitude, Mass, Density, etc. — The apparent diameter 
of tho planet ranges from 07'' at tho time of inferior conjmiotion 
to only 11" at superior coiijiinotion, the groat difference depend- 
ing upon tho enormous variation in tho distance of tho planet 
from tho earth, -wliich is only 26 000000 miles at inferior conjunc- 
tion and 160 000000 at superior. The real diameter of the flanei 
is about 7600 miles, according to the I'ccoiit measures of vSee at 
Washington. 

According to this, its surface ^ compared with that of tho 
earth, is 0.91; its volume, 0.87. (These numheis differ some- 
what from those given in the tables in tho Appendix, which are 
allowed to stand unchanged, as illustrating the discrepancies 
between good antlioritios in such ca.ses.) 

lly means of tlio perturbations she in'odnces upon tlie earth, 
tlio mass of Venus is found to bo a little more than four fifths 
(0.82) of tho mirth’s; lumeo, her densihj ia about ninety-four 
per cent and lier superlieial gravity ninety per cent of the 
eartlfs. A mivn wlio weighs 160 pounds horc would weiglv 
about 140 pounds on Venus, 

399. Phases* — Tho tolosoopio appoaranoo of tho planet is 
striking on account of lior groat brilliance. When midway 
hot ween greatest elongation and inferior conjunetion she has an 
at)paront diameter of 40", ho that, with a magnifying power of 
only 45, she looks exactly like tho moon four days old, and of 
prooisoly the same apparent size, though very few persons would 
think so on first viownng the planet through a telescope. The 
novice always undevratos the apparent size of a telescopic 
object, because he instliiotivoly adjusts his foous as if looking 
at a picture or a page only a few inches away, instead of pro- 
jecting tho object visually into the sky. 

According to tho theory of Ptolemy, Venus could never 
show us more than half her illuminatacl siirfaeo, since, according 
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to bis hypothesis, she was alwayR hciioeen us and the mppuml 
orbit of the sun, AccortUiigiy, when in llilO (hililtm tlisoovcrcHl 
with his newly invontetl toloseopo that she oxhibitiKl Iho 
gibbous phase as well as the orosooiit, it was a strong argu- 
ment for the Copernicau theory. 

Galileo announced Ilia diacovery in a oiirionH way, l>y piildialiiiiK lie* 
annKi’um, — 

Hnce immatura u mo lam friiHlrn h<KUiitiu'; n. y. 

Some montlia later h<i furniahod a translation, wliiidi ia found by merely 
tranapo.slng the letters of the anagram mid reads, “dyntliia* iigiiras lemii- 
latur Mater Ainorum,” moaning “Tlie Mollier of the Lovea (Vemia) iiiii- 
tnti^H the plinsoH of Cynthia,” {,e., of the moon. 
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Fig. 186 represents the disk of the planet ns himju at five 
points in its orbit. 1, 8, and 6 are taken reapoctivoly at 
superior conjunction, greatest elongation, and near inferior eon- 
junction, while 2 and 4 are at intermediate points. Number 2 
is badly engraved, however} the sharp corners are impossible 
since tlie terminator is always a somi-ellipHe (See. 206). 


TI1I3 TERllESTIUAL AND MINOR RLANE'I'S Sofj 

The planet attaiiis its maximum hriglitness thirt 3 ''-six clays 
before and after inferior conjunction, at a distance of about 88° 
or 39° from the sun, when its phase is like that of the moon 
about five days old. It then casts a strong shadov^ and, as 
already said, is easily visible by day with the nalccd eye. 

400, Albedo. — According to Zollner, the albedo of the planet 
is 0,60, whiesh is about three times that of the moon and almost 
four times that of Mer- 
cury. It is, however, ex- 
coeded by tlie rciilecting 
power of the surface of 
Jupiter and Uranus, while 
tliat of Saturn appears to 
bo about the samo. 

This high reflecting 
power probably indicates 
that the surface is mostly 
covorod witii cloud, as 
few rocks or soils could 
match it in brightnoss. 

Lowell, however, de- 
nies the existence of any- 
tiling like a continuous 
cloud veil such as has 
been generally supposed. 

401. Atmosphere of the Planet. — There is no question that 
this planet lias an atmosphere of considerable density. 

When the planet is entering upon the sun’s disk, or loaves 
it at a “transit,” the portion of tlie disk outside the sun is 
oneireled by a beautiful ring of light, due to the refraction, 
reflection, and dispoi'sion of light by the planet’s atmosphere 
(Fig. 187). If it wore duo BoUly to refraction, it would indi- 
cate that this atmosphere, acoording to the computations of 
Watson and others, must have an elevation of some 66 miles 
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and be considerably denser than our ownj but tliis coiiolusicni 
is very doubtful 

When the planet is near the sun, about tlie time of inferior 
conjunction, the horns of its crescent extend notably Iteyond 
the diameter, and when ver^ near the sun tlioy («un l)o seen, 
by carefully screening the object-glass of tlic tole.soopo from 
the sunlight, to form a eomploto ring around the disk, as 
observed by Professor J^ynian of New Jliiveu and othevs i]i 
1860 and 1874. This phenomenon, whieii is uinjuostionablo, 
has usually been ascribed to r(ifractionj lout the observtition.s 
of Russell at Princeton in 1898 sliowod tliat it nuist bo duis 
mainly to dilfuso rejleotion of liglit by the plamst’s titniospliero, 
like that which causes our twiliglit, and that j'cfraetion proper 
plays only a very secondary part. 

If the ring were duo to refraction, jis by a Iona, the widesfc 
and brightest part of it should be on tlie side of tlio planet 
most distant from the sun, where the rays would be b«ml ioioarch 
the observer, and not on the side next the sun, lus is aiitnally and 
conspicuously the case. On this side refracted rays are bunt 
awa)'^ from the observer and would not roauli liis eye, while 
reflacted rays are tliroAvu towards it. 

The same observations also cast doubt on the hitlierto aoeoptod 
conclusion as to tho great density of tho atmosjihero, making it 
probable that it is somewhat rarer than our own, ratlier tliaii 
much denser; and this might be oxpooted, considering the 
planet s smaller mass and presumably higher tomperuture* 

Ihfi preamico of wator vapor in Puj pianist’s atniosplioris Ims Ihksii 
annonnecd by aevoval of tho oarlior spciotroscopio ohsisrvm's. 'riin (svUlmuMS, 
however, is hardly conclusive, 

Another curious phesnomonon, not very satisfactorily explalnod us yot, h 
the ocoassonal appearance of light on tlio unilluiuinatisd part of tlio plauefn 
surface, inalciug the whole disk visible, like the now moon In tho old 
moon’s arms. Tins liglit cannot bo accounted for by any olfoot of minlhiht, 
but must ongiuafee on tho planet’s surface or in hor atmosphoru. It rnonlls 
the aurora borealis of the earth and other olootrical manifostatians. 
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403. Surface Markings, — The surface of the planet Is so 
brilliant as seen in the telescope that it is very cliflicult to make 
out any markings upon it; incleocl, it is generally best in study- 
ing the surface to use a light sliado glass. The disk is brightest 
at the limb, but the light fades off rapidly at the terminator, 
and over the surface there have boon made out indistinct patches 
of less or greater brightness, as shown in Tig. 138, fi’om draw- 
ings by Mascari made .at the observatory on Mt. Etna in 189*5, 
— an excellent representation of the planet’s naiial appearance. 
The daike.Ht shadings may ])ossil)ly he continents and (xjcans, 
dimly visible, tliougli their uoinparativo pcrmaneinio witli respect 
to the terminator 
makes this ques- 
tionable; more 
probably they are 
purely atmos- 
pliorio effects. 

Hut observations 
are ns yet hardly 
decisive, 

Ocoasionally 

very bright spots appear at the ends of the terminator, winch 
may possibly be polar caps like those of Mars, and, if so, show 
that the planet’s axis must bo nearly perpendicular to its orbit. 
On the terminator rouglm esses and iiTogularities are sometimes 
seen wbieh may perluips bo duo to mountains, to some of which 
Schrbter (assigned extravagant elevations oxceoding 20 miles. 

Lowell, in 1808, in opposition to all previous observers, reports 
tho discovery of pormauoiit maikings oonsisting of rather narrow, 
nearly straight, dark streaks, radiating like spokes from a sort 
of central hub, Ho describes them as fairly deilnito in outline, 
but dhiii as if soon tiirougli a Inminous but unolouded atmos- 
phere of considerublo depth ; and he goes so far as to give a 
map of the planet, with names attiiehod to some of the leading 
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features. As yoi, howevoi’, his observations want {ionlirmatuui. 
Fig. 189 is from one of his drawings. 

403, Rotation, Position of Axis, etc. — 'I'liu tMirlioi' olisorvurs, 
from the first Cassini in 1600 down to Do Vitto in 1 8*1 1, iiHsignml 
to the planet a rotation period of about - - iiiKiontm- 

dicted, it is true, but regarded with a good deal of distrust, 
because the observations wore of spots uxtreinely vagi at tuid 
indistinct and were not very accordant. 

Some highly respected authorities still atuaiiit this jieriod, ]>ut 
the general opinion of astronomors now concurs with thu lam- 
clusion of Schiaparelli, who considers that his ob.scrvatioiis make 
it certain that the rotation must bo very sloiOs and render it 



Fi(», — Voiui.H 

Viom th'(iwina« or I*, bowoll 


highly probable that Venus follows the oxanijfic of Mercury in 
keeping the same face always towards the sun, having, thoruforo, 
a diurnal period of 226 days. This is eonOrmod by IhjiTotiii at 
Nice, and by Lowell at the Flagstaff Observatory, and by aovoral 
other observers. 

It is probable that the spectroscope will ultimately sottlo the 
question (though the observation will bo vory dillicuit) by allow- 
ing, according to the Doppler principle (Soo. 254), liow Coat the 
eastern and western edges of the planet’s disk rcHpeotivoly 
advance and recede; the observation has already boon attomptod 
by Belopolsky at Pulkowa, and it is a little disconcerting tliat 
the result, though by no moans decisive, rather favors the twonty- 
three-hour period, 
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Oil till) other Imiul, tlio planet shows no sensible oblateness, us No itionmir-* 
it slxoiih] if it imd a day of the same loiig'tli as the earth’s; if 
that wore tlio case, there sliould bo a difforence of nearl)'’ ;l" 
between tlio {sqiuitorial and polar diameters, which has never 
been observed. 

Tlio inolinalion of the planet’s equator cannot be exactly inclination 
clotennined, but it is almost certain tliat it must nearly coincide 
with tlio plane of its orbit. 'I'lio old deterinination of Do Vico, proimbiy 
.still found in many text-books, making tlio inclination 37^ is ”"^*'**' 
certainly oiToneous. 

404. Question of Satellite. — No sutellito has yet boon dig- NosatclUto. 
covered, and it is (iortaiu that tbe idaiieb has none of any con- 
siderable siz(5. It i.s not impossible, however, tliat it may liavo 

some p.yffmy attmidant, like tho.so of Mam, since the great 
brilliance of the planet and its nearness to the sun would make 
the discovery of such a body extremely dinioult. There have 
been ill the past several announeements of asatollito; but not 
one lias hemi verifieil, am! most of thorn were mistake.s, since 
explained, cither as observations of stars, or by rohections in 
the eyepiece of the ol>scrvcr’s telo.scope. 

405. Transits. — Occasionally Vomi.s passes between • the ’x’mnsiiH. 
earth and the sun at inferior conjunction and “transits,” 

or crosses, the disk of the sun from cast to west ns a round 
black spot, easily seen by the nuked eye tlirough a suitable 
.slmde glass. ■VVbcu the transit is central it occupies about 
eight bours, Imt when the track is near the edge of the disk 
it is correal )ond in gly shortouod. Since the transit can occur Transit ; 
only when the sun is witbiii about 4® of the node, tbe phe- 
nomouon is rare and can happen only within a day or two Dccomboi-. 
of tlio dates when the earth passes the nodes, vi«., Juno 6 and 
December 7, 

The special interest of the transits lies in their availablity 
for the purpose of iinding the parallax and diatnneo of the sun, 
aa first pointed out by Halloy in 1679. 
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The earliest observed transit in lOBl) was soon by two porsnns only 
(Ilorrocke and Crabtree, in England), but the four wlnoh have since 
oceurred, in June, 1701 and 1700, and in Dooeinber, 187'1 and 18812, wore 
extensively observed by scienliflo expeditions s(nit out by tho dilTorenl 
governments to all })aris of tho world where lltoy wero visible. 'I'ho 
transits of 1709 and 18812 wore visible in this douiitry. 

It is, however, hardly likely that so muoh Ivonblo and expense will be 
hereafter expended upon observations of transils. Otlier niothods of 
determining the solar parallax have boon fctniul to be more trustworthy. 


406. Recurrence and Dates of Transits. — Fivo syiiodid rovolu- 
tions of Veints are very nearly equal to eight yearn, tlio tlifCor- 
ence being little more than one day} and still more nearly, — 
in fact, almost exactly, — 248 years are equal to 162 synodic 
revolutions. If, then, we have a transit at any time, auotber 
'may occur at tho same node eight years earlier or later. Sixtoou 
years before or after it will bo im])ossiblo, and no otlior transit 
can then occur at the same node until after 
tlie lapse of 286 or 248 years, tliougli a 
transit or pair of transits may, and usually 
will, occur at the other node in about half 
that timo! thus, the next ])air of transits 
of Vomis well occur on Juno 8, 2004, and 
Juno 0, 2012. 

If tho planet crosses tho sun nearly ceu" 
irally, tho transit will bo “solitary,’* nth, not 
accompanied by another eight years before 
or after. If, however, the track is more than 12' from tho sun’s 
center, it will bo aoconipanied by another at eight yoai's interval. 
At present transits come thus in pairs and liavo been doing so 
for several centuries} after a timo this will cease to bo tho oaso, 
and they will become solitary for another long period. 

Fig. 140 shows the traoks of Venus across tho sun’s disk in 
1874 and 1882. 
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MAllS 

407. This planet, like Merciny aiul Venus, ia i^rehistoric as jou-h! <iata 
to its (livscovoiy, It is so conspiouoiis in color and briglitucss 

and in the extent and ai)paront capriciousnesa of its niovoment 
among the stars, that it could not have escaped the notice of the 
very earliest observers. 

Its Tiiean dutanoe from the sun is a little more than one and 
a half times that of the earth {141 600000 miles), and the ecoen- 
trioUy of its orbit is so considerable (0.098) that its radius veotor 
varies more than 26 000000 miles. 

At opposition the planet’s average distance from the earth i.s 
48 600000 miles. When opposition oceiirs near the planet’s 
perihelion this distance is reduced to 85 600000 miles, while 
near aphelion it is over 61 000000. At superior conjunction 
the average di.staiioe from tlio earth is 284 000000. 

The apparent diameter and brilliancy of the planet vary enor- Enormous 
mously with those great changes of distanoo. At ^favorable 
opposition (when the di.stancG is at its minimum) the planet is brightnoas. 
more than fifty times as bright as at superior conjunction and 
fairly rivals Jupiter 5 when most remote it is hardly as briglit as 
the pole-star, 

The favovublo oppositions occur always in tliu lattwr purl; o.C August (at Favorable 
which tiiuo tlu! earth as soon from the suii passes tlio poriliolion of tlio oijposUloiis, 
planet) and at intervals of fifLoon or sovoutcen years. 'L'lio last sueli 
opposition was in .181)11 { the next will Im in 1007. 

The indination of the orbit is small, — 1° bV, 

The planet’s sidereal period i.s 087 days, or one year and ten 
and one-half months ; ii:s synodic period is miicli the longest in 
the planetary system, being 780 days, or nearly two years and 
two montlis. During 710 of the 780 days it moves eastward, 
and during 70 retrogrades througli an arc of 18°, 

408. Magnitude, Mass, etc. — The apparent diaiiiotor of the 
planet ranges from 8'^6 at oonjunotion to 24'h5 at a favorable 
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oppoaiiion. Its real cUamctiir ia voiy iioar 1200 ini Ion. 'I'liia 
makea ila aurfatja about two aovciitlm, and itn iHilnmr oiu» sovonlli, 
ol tlio oaiih’s. 

Its mass is a little less than one iiintli oC tlio earth's mass 
and is aecuratoly dottsrnuiuHl by nuiaiiH of its satellites. Its 
thnailij is 0.73, as compared with the earth’s 0.73 and HUpcrJinlnf 
ijravitjj 0.38; a liody which hero weipflis 100 poimds would have 
a weight of only 38 pounds on the siirfaiio of Mars. 

409. General Telescopic Aspect, Phases, Albedo, Atmosphere, 
etc. — When the planet is nearest the earth it is more I'avmuhly 
situated^ for teloseopie ohservatiou ilmu any olhe.r lieaveidy 
body, the moon alone oxee])Led. It then shows a riuhly disk 
which, with a power of 75, is as large as Ihe momi. Since its 
orbit is oulaido the car ill’s, it never ex In hits the iuratumi phasii.s 
like Mercury and Venus; butattiuadralnru it appears disliiietly 
gibloua, about like the moon tlu’ce days from tlie Cull. 

Like IMcreury, Venus, and the moon, its disk is brighter ul 
the limh (i.c., at the circular edge) than at tlm eeuter; but at 
the UYmimtoi\ or boundary lietwoon day and night on the 
planet’s surface, there is a shading which, talren in eonmaiUon 
witli certain oUier pUonoinena, indicates tlm ]) rose mm of nn 
(ttmoaphare. 

This atmosphore, however, contrary to <jplnionH formerly held, 
is prohiihly mneh less dense than that of tlm earth, tlm lt>w dmi- 
sity being indicated by the uifi’eipieimy tjf clouds and of other 
atmospheric phonoinona familiar to us ujmn tlm earth, to say 
nothing of the fact that, since the } da net’s superficial gravity is 
less than two fifths of the force of gravity on tlm earth, a deiisu 
atmosphere would bo impossible. 

More than twenty years ago lluggina, .Janssen, and Vogel 
all reported the linos of wator vapor in Urn speelrum of lliw 
planet’s atinosphoi‘ 0 ; hut the obsorvallona of (Jainjdmll, at Uuj 

lyoauH al liaios coihoh noam, ka wlmn noimsHl hIiu U vlalblo mily by 
(taylighl, and sliows only a vovy thin oroacont. 



THE TERllKSl'RIAL AND MINOR PLANETS 


368 


Liok Observatory in 1894, throw great doubt on tlieir result 
and show that the water vapor, if iu'esent at all, is too small in 
amount to give decisive evidence of its presence. 

Zollnor gives the albedo of Mars as 0.26, — just double that 
of Merciuy, and much higher than that of the moon, but only 
about half that of Venus and tlie major planets. .Near opposi- 
tion the brightness of the planet suddenly increases in the same 
way as that of the moon near the full (Sec. 210). 

410. Rotation, etc. — The spots upon the planet’s disk enable 
us to determine its period of rotation Avith great precision. Its 
sidereal day is found to bo 24’'37'"22'’,07, Avith a probable error 
not to exceed one fiftieth of a second. This very exact deter- 
mination is effected by comparing drawings of the planet made 
by Iluyghens and Hooke more than two hundred years ago Avith 
others made recently. 

Tlio inoUnaiion of the planet’s actuator to the plane of its orbit 
is very nearly 24° 50' (26° 21' to the eeliptiG), St) far, therefore, 
UvS depends upon that circumstance, Mara should have seasons 
substantially the same as our own, and certain phenomena of 
the plajiet’s surface, soon to bo described, make it evident that 
such is the case. *, 

Tim planet’s rotation causes a slight but sensible flattening at 
the poles, — about according to the latest determinations. 

Miioli la)p!r valacH, now tKsi’tninly known to bo orronoous, avo found in 
tho oltlt»r toxt-lioolcH. 

411. Surface and Topography. — With oven a small telescope, 
not more than 8 or 4 inclms in diameter, the planet is a very 
beautiful object, showing a surface diversified with markings 
dark and light, whieh, for tho most part, are found to bo perma- 
nent objects, Occasionally, however, for a few hours at a time, 
wo see others of a temporary character, supposed to bo cloud.s, 
since they for tho time obliterate the permanent ones ; but these 
are surprisingly rare as compared with clouds upon the earth. 
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The pormaiiont markings on the planet are broadly diviHihlo 
into three classes. 

Fii'st, the white patches^ two of which are spinually ooimpitmmm 
near the planet’s poles and are called tho “ polar caps. i Itcsy 
are by many supposed to be masses of snow or ic.e» sinco tiniy 
behave just as would bo expected if such were tlui tsistb 'I Im 
northern one dwindles away during tho northern summer, wlimi 
tlie north polo is turned towards the sun, wliih' tlui stmtluu'n omi 

grows rapidly 
liU'ger; and tn<w 
vnmt dnring 
soiUhtu’nsuininui*. 

lint the prob- 
able low ttMnpttr- 
a 1; u 1 ’ e of lb i' 
planet (See. 41 ft) 
nndfes it iit bnial 
doubtful wbelbor 
t b e a p j I ii r o n t 
» snow and ion *’ 
is really «t»n» 
gealed or 

some (piite i HIT br- 
ent Hubstaneo. 

Second, patches of a Uuish (jmy or (freiiniHh Hhath\ (jovering 
about three eighths of tho planet’s surface, until recently genei'- 
ally supposed to be bodies of water, and therefore ealled “soas” 
and “oceans.” But more recent observations, if they oan bo 
depended on, show a great variety of details within those areas, 
and such changes of appearance following the sotisoiiH of the 
planet, that this theory is no longer tenable, and they Beoni more 
likely to be regions covered with something like vegetation. 

Third, extensive regions of various shades of orange wnd yellow^ 
covering nearly five eighths of tho surface, and interpreted a» 
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land, These marldngs are, of course, best seen when near the Continents, 
center of the planet’s disk 5 near the limb they are lost in the 
brilliant light which there prevails, and at the terminator they 
fade out in the shade. 

Fig. 14,1, from dvawinga by Gvoen ot Madeira, and Fig. Lia, from 
drawings by Keeler of tlio Lick Observatory, give an tixcolleiil; idea o(; the 
planet’s appenrauce as seen by most observers ixndor go()<l conditions. 


413. Recent Discoveries; the Canals and their Gemination. — 
In addition to these three classes of markings the Italian 
astronomer Schiaparelli, in 1877 and 1879, reported the discov- 
ery of a great number of line straight lines, 
or “ canals,” a,s he culled them, oro.ssing the 
ruddy portions of the planet’s disk hi all 
diroetions, and in 1881 ho announced that 
some of them heaome. double at times. 

These now markings are faint and very 
dilhcuU to see, and for several years there 
was a strong snspioion that he was misled by 
some illusion, — in respect to their ‘‘gemi- 
nation,” at least, — which is still ascribed, 
by some very high authorities, to astigmo- 
ti.sm in tlio oyo of the observer or bad 
focusing of liis telescope. 8 till, the weiglit 
of ovidoneo at present favors the reality of 
the phenomena wliich Schiaparelli descrihos. 

Many obsorvors, both in Europe and tlio 
United States, have confirmed his results, 
and they are now generally accepted, although some of tlie best, 
armed witli very powerful telescopes, still fail to see the canals 
as anything but the merest shadings, — not at all as shown in 
the drawings of Sohiaparolli and Lowell. It appears that in the 
observation of these objects the power of the telescope is less 
important than steadiness of the air and keenness of the 
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observer’s vision, Nor are tlioy usually best seen when Mars is 
nearest, but their visibility depends largely upon the season of 
the planet; and this is especially the ease 'with their “gemina- 
tion.” Fig. 143, from one of Mr, Lowell’s drawings inaclo in 
1894, gives an idea of the extent and complexity of the canal 
system; but the reader must not suppose that in the tolesoopo 
it stands out with any such cons 2 )icunusneas, 'Fhe (iguro shows 
also how some of the canals cross tlio so-called “sons ” and dis- 
jnove the jn’O^niety of the name. 

413. As to the real natiive and oflicc of tho cnimlH " tlinro is a wida 
difference of opinion, and it is very doubtful if tlicir Iruo oxplanatiou 
has yet been reached. Indeed, it is still quite possible Unit sonio of Uk^ 



Fro, 14S, — Mara 
After Lowfill 


peculiar phenomena reported arts illusions, based on wliali tlie ril servers 
think they ought to see; it is easy to be deeeived in atteniiiUng to iiiturim't 
intelligibly M-hat is barely visible. 

According to FI annn avion, Lowell, and oUku' zeaUius observers of the 
planet, the polar caps are really snoto wliich molt in tho (Martian) 
spiiiig and send the \Yater tov'ards tho planot’s equator over its nofirly level 
plains (for no high mountains have yet been discovered tlmre), obseuring 
for several weeks the well-known markings whiclv are vlsililo at otlier 
times. 

In Lo^Yel^s view tho dark regions on Ihe planet’s surface are aroas 
covered with some sort of vegetation, while tho ruddy poi'tions aro barren 
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dosM'ts, iutorscotcd liy tlio canals, 'whicli lie believes to bo really irrigating OlHcoof 
wat(5reoiira(>s} and on account of tludv straightness, and some otlier charac- the canals, 
toi’iatics, 111! is disposed to regard thorn as ariiJicUd, 

When till) M'ator roaches those canals vegetation springs up along their 
bnnk.s, and tlieso belts of verdure are Avhat we .see with our telescopes, ~“ 
not the narrow water channels themselves. 

Where the canals cross each other and the water supjily is more abun- VoKotalltm 
dant there are darlc round “lakes,” us they have been called, M'liicli he and on-ses. 
interprets as wfw.s’. 

All of this theoi'etioal explaua- 
tioii rests, linwiwov, upon the 
(mwnpiinn that the planet’s tem" 
pitrature is high enough to permit 
the oxisteiice of water in tlm 
liquid state, to say nothing of 
other didlculties, But whatever 
may bo the ex]ilauation, there ia 
no longer imioli doubt as to the 
existence of the eauals, nor that 
they and otlier features of tlio sin-- 
face undergo real changes witli the 
progress of tlu! planePs seasons. 

'Dioir “gemination," however, 
still remains a mystery, nor i.H it 
entirely certain tliat it may not bo 
a purely optical effect, ns already 
intimated ; experiments made at 
Harvard College Observatory in 
1806, and later in Prance, point 
strongly in this direction. 

Certain cliangcs on tlio surface 
of tlio planet are clearly connectod with its souHnns, 'rhis is, of course, iSoasoiinl 
the case with tlm alternate grou’tli and shrinkage of the polar caps, and dauigcs. 
Flam mar ion and Lowell have reported otliors. Fig. I'M, from tlio obser- 
vations of Lowell in .180 d, shows tlioir nature and amount. 

414. Maps of the Planet. — A numbei* of maps of Mars have Maps of 
been oonstriictocl by clifforonfc obsGrvGr.s sincG tho first was made 
by Maodlor iu 1.880, Fig. 145 is rodiiCGd from one published 
in 1888 by Schiaparelli and shows most of his “ canals and 



Fm. H‘l. — Seasonal Cliaiigoa on Mars 

liOWOll 
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tlioir “ gemination.” While there may bo some doubt as to the 
iicouraoy of the minor details, it is probable that the main 
features of the planet^s surface are substantially correct. 

'irixo nomenclature, however, is in a very unsettled condition. 
Scliiaparolli has taken his names mostly from ancient geography, 
while the English areographors,^ following the analogy of the 
lunar maps, have mainly used the name.s of astronomers who 
have contributed to our knowledge of the planet’s surface. 

415. Temperature. — As to the temperature of Mars wo have 
no certain knowledge at present. Unless the planet has some 
unexplained sources of lieat it oiif/lit to he very cold. 

Its distance from the sun reduces the intensity of solar radia- 
tion upon its surface to loss than half its value upon the eoi'th, 
and its atmosphere cannot well bo ns dense as at the tops of our 
loftiest mountains. 

On the other hand, things look very much as if tlie poles 
were really 8Mo^^'-capped, and as if liquid water and vegetable 
life were present in other regions, 

If so, wo must suppose that the planet has sources of heat, 
external or internal, which are not yet explained j otherwise the 
polar “snow” must bo something else than frozen ioatci\ as is 
perhaps not impossible. It is earnestly to bo hoped, and may be 
expected, that before long wo shall obtain some heatrmeasuring 
apparatus sufficiently delicate to dcoido whotlier the planet’s 
surface is really intensely cold or reasonably warm, — for of 
course there are various conceivable hypotheses which might 
explain a high temperature at the surface of Mars. 

416, Satellites. — The idanot lias two satellites, disoovered 
by Hall, at Washington, in :I.8T7. They are extremely small 
and observable only with very large teloscopos, The outer one, 
Doimos, is at a distance of 14600 miles from the planet’s center 
and has a sidereal period of 80'‘18‘”; while the inner one, Phobos, 

1 Tlio Groolc iiiuno of Mars Is Arcs; lioiioo, aveo{ini'fihy la tho tloscrlptlon of 
tho siu’faoo of Mars. 
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is at a distance of only 6800 miles and lias a poiiod of 7''39“', — 
less than one third of the planet's day. (This is the oidy case 
known of a satellite with a period shorter than the r(i volution 
of its primary.) Owing to tliis fact, it risen in the wvhU m scon 
Peeiiiiar from the planet’s .surface, and sets in the east^ coinjileting iUs 

Phobo^r strange backward diurnal revolution in about eleven hours, 

Deimos, on, the other hand, rise.s in tlie east, but takes nearly 
132 hours in its diurnal circuit, whi{}li is moro than four of its 
months. Both tlie orbits are sensibly circular and lie very 
closely in the plane of the planet’s e(|uator. 

I'hoir Micrometric measures of the diameter of sucb small objects 

(liamotors. impossible, but, from photometrie obsorvations, Prof, hh (1, 
Pickering, assuming that they have the same vo (lee ting power 
as that of Mars itself, has estimated the diameter of Pliobos as 
about 7 miles and that of Deimos as 6 or 0. Mr. TjOWoII, how- 
ever, from his observations of 1894, deduces considerably larger 
values, vIk., 10 miles for Deimos and 80 for Pliobos, If this is 
oorrect, Pliobos, seen in the zenith from the point on the planet’s 
surface directly beneath him, would appear somewhat larger than 
the moon, hut only about half as bright. Deimos would be no 
brighter than Venus. 

Quostioiiof 417, Habitability of Mars. — As to this f[uestioii wo can only 
iiaWtabiiity, different as must be the conditions on Mars from those 

prevailing on the earth, they differ loss from ours than those on 
any other heavenly body observable witli our present teloaoopes; 
and if life, such as we know it upon the earth, can exist on any 
of the planets, Mars is the one. If we ooiild waive the ques- 
tion of temperature and assume, with Flammarion and others, 
that the polar caps really consist of frozen loater^ then it would 
become extremely probable that the growtli of vegetation is tlio 
explanation of many of the phenomena actually observed. 
hlSfiron^*^^ Lowell goes further and argues the presence of intelligent 
in tiio^tonv possessed of high engineering skill, from the apparent 
ot caiims. “ aconraoy ” with which the “ canals ” seem to bo laid out in a 
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well-plannod system of irrigation. But at present, and until 
the temperature prohleni is solved, such speculations appear 
rather premature j and as to the establishment of communica- 
tion with the hypothetical inhabitants, the idea, in the present 
state of human arts at least, is simply chimerical. 

Tint ASTEROIDS 

418. The “ asteroids,” or minor planets, are a host of small 
bodies eirculating around the sun between the orbits of Mar.'? and 
Jupiter. The name “asteroid,” le,, “starlike,” was suggested 
by Sir William Hcrsohol early in the century, as indicating that, 
though really planets, they appear like stars. 

Kepler had noticed the wide gap between Mars and Jupiter 
and had tried to account for it, though unsuccessfully, and 
whan B ode’s I^uw (Sec, 349) was published iu 1772 the iinpres- 
sioii became very strong that there must bo a missing planet in 
the vacant spa( 30 , — an impression greatly strengthened by the 
discovery of Uranus in 1781, at a distance almost precisely 
oorrospoiiding to that law. An association of twenty-four 
astronomers, mostly (xorman, was formed to look for the miss- 
ing planet, but failed to find one after a doxen years of search, 
and the first discovery was made by the Sicilian astronomer, 
Piazzi, who was then engaged iu forming his extensive cata- 
logue of stars. 

On the first night of the nineteenth century (Jan. 1, 1801) 
ho observed a small star whore there had been no star a few 
days earlier, and the next day it had obviously moved, and it 
continued to move. He named the now planet Ocresy after the 
tutelary divinity of tiio island, and observed it carefully for 
several weolcs, until ho was taken ill; but before he recovered 
the planet was lost in the evening twiliglit, It was rodis- 
oovored at the close of the next year by moans of Gauss’ 
oaloulatious. (See Sec. 866.) 
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111 1802, while searching for Ceres, riilhis was discovered hy 
Olbers, Juno was found by Harding in 1804, and in 1807 
Olbors, who had broached the theory tlvat these new bodies 
were fragments of an exploded planet, distsoverud \ CKta, the 
only one over visible to tlie naked eye* Ulie seartdi was kept up 
for several years longer without success, because iliose engaged 
in it did not look for small enough objects. 

The /t/i/t asteroid, Astnm, wius discovered in 1845 by Heiuikis 
an amateur, who had rcsuniod the search afrissh by studying 
the smaller stars and after Of teen years of fruitless labor was 
rewarded hy the now discovery. In 1847 three more were found, 
and not a year has passed since then without the discovery of 
from one to thirty. 

At present (January, 1902) the uuinhor known oxeeedH iiv<! 
hundred, and for the past ton years has hoeu ineveasbig with 
great rapidity. 

They are all designated by mimbors; ^.e., each one receives 
a number after having been ohaerved a sunicicnt number of 
times to determine its orbit, which usually happens soon after 
its discovery. Most of them also have mimes, usually mytho- 
logical, and feminine for all but Eros 5 but it has already l) 0 (foiue 
a pretty serious matter to liiid names for all the new dist;overies, 
and the custom may ho given up before long, 

419, Method of Search.' — Eormorly the asteroid hunter eon- 
ducted his operations by making special tolose<h)ie star (dmrts 
of regions near the ecliptic, and from time to time comparing 
the chart with tlie heavens. If an interloper appeared on the 
chart, a few hours’ watching would deoido whethor it moved cw 
not, i.e., whether it was a planet or merely a variable stiir. The 
work, especially that of chart making, was very hiliorions, 

In 1891 a new method was introdnecd by Dr. Max \¥olf of 
Heidelberg. A camera with a wido-anglo lens of several inches 
aperture is mounted oquatorially and moved hy clookwoik; 
with this photographs are made of portions of tlio sky from 5® 
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to 10° in cliainoter. On the negative the stors, if the clock- 
work runs correctly, show as small black clots, but a planet^ if 
present, will move among the stars during the two or three 
hours of exposure, and its image will be a streak instead of a 
dot, and so recognizable at once. . 


Eig, I'lO iB a direct roproduoliou of the plate on -wliich I)r. Wolf dis- 
coV(U’od plnuot 1893, V ((riulvun, (^) ), the “ trail ” of which, due to about 
two lioui'H motion, is shown exactly in the center of the cut. The first 
planet diHcovered by this method, in December, 1891, Wolf has named 
“Brueia,” (^), in honor of 
the lato Miss Catherine W. 

Bruce of New York, who pro- 
vided the funds for his camera 
and its mounting. 

It has happened several 
times that more than one 
planet is found on the 
negative j in one instance 
as many as Jiv(\ three of 
wliieli wore new, and in 
unothor (on a plate made 
at Harvard) no less than 
seven. Already, during 
the past ton years, nearly 
two hundred have been thus discjoverod, alm().st all by Wolf of 
Heidelberg and Charlois of Nice, tlmugh a few others have 
contributed, 



Fm. 1‘JO. — Wolf’s niscovory of 
“ (hulnui," 1«02 


Groat caro is neooHsary to be sure that the objects discovered are really 
nm. Tliore are a niimbor of the older nmis which, not having been observed 
for many years, are now adrift and practically lost, and are likely to bo 
rodisooverod at any time. Several of them indeed have been already 
piokod \ip by the now method. 

Since 1892 the newly discovered bodies, wliilo awaiting the flnal num- 
bers (and perhaps a name), are provisionally designated by letters, as AM, 
DQ, etc, 5 they are now (1002) far along in tlio H's. 
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A full list, brought down to (hito as uourly as posHlbhi, is iuiblisliud 
every year in the An 7 iu(ure <lu Bureun ties .Loiu/Uitdetif Paris, giving tlioiv 
number, name, date of discovery, and tho oloinonts of their orbits. 


THICIR ORBITS 
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430, Mean Distance and Period, — Tho mean diKtanoeH tiC tho 
different asteroids from tho situ differ widely, and thoir 2 >ori<}(.h 
correspond. Excepting Eros, tho noarost to the sun so far as 
yet determined is Adalberta, (sFio) , its moan distaiioo being about 
2.09 (194 000000 miles) and its period three years imd throe 
days. Thule, (^), is the most remote, with a distaiuje of 4:.n0, 
or 400 000000 miles, and a period only a inontli less than nine 
years, 

Tho mean distances are not distributed at all uniConnly 
through their range, but there are several marlced gaps, doublr 
less due to tlie action of Jupiter, since tliey come just wIku'o 
the period of the asteroid would be exactly connuonauviiblu 
with that of the great planet, ie.y f, or | of Jupitar'H 

period. The distances arc grouped most densely about 2.8, 
which Bode’s Law would indicate as that of tho “ missing 
planet ; but the average mean, distance comes out somuwliat 
smaller, about 2.65 (246 600000 miles), corresponding to a 
period of about four and one-third years. 

431. Inclinations and Eccentricities. — 4'heso average much 
greater than for the principal planets. 'IPhe mean inolina^ 
tion of the asteroid orbits to the ecliptic is about 8°. Tho 
orbit of Pallas, (^, is inolined 36°, and seven or eight othoi'S 
exceed 26°. 


The eGoentricity is also very large in some cases. IfoT 
ib^ithra,^ (IM)j Andromache, {;^, it is fairly ooinotary, 

exceeding 0.85, and there are a dozen others above 0.80. 


lA planet very recently discoverotl (October, 1001) but not yot immberod 
proves to have an eccentricity greater ihnu oven that of iEthra, oxcoodliig 0.88- 
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'riio orbits so csross and interlink that if they were material 
lioops or rings the lifting of one would lake all tke others witii 
it, and that of Alars also, e aught; up hy that of Eros. 

423. Diameter, Surface, etc These bodies are so small that 

inicroinetrieal measurements, oven of the largest, are extremely 
dillicult, and of the smaller ones impossible. Since 1890, 
however, llarnavd, with the Lick and Yerkes telescopes, has 
obtained measures of the disks of the four brightest and presum- 
ably largest, with the following rather surprising results, viz. : 
Cere.s, 488 miles; Pallas, 304; Vesta, 248; Juno, 118. The 
HUTpriso consists in the fact tliat Vesta, wliieli is fully twice a.s 
bright as Ceres, should have a diameter only half as great, 
showing a wide differenoe of albedo, Mhller of Potsdam, 
accepting Barnard’s dianietors, fuKla for Ceres from his photo- 
metric ohsei'vations an alhe.do about the same as that of Mercury 
(0.1 B), while that of Vesta Is put at 0.72, — bigber than that of 
any other planet, and nearly equal to that of writing-paper. 

As to the other asteroids, probably jio one of them has a 
diameter as great as 100 miles, and the smaller ones, snob as 
those win oil are now being discovered, are mostly of the thir- 
teenth and fourteenth magnitude, so small that they cannot be 
soon (tlioiigh easily pliotographed) with a telescope of much less 
than 12 inches aperture and cannot bo more than 10 or 15 miles 
in diameter, — mere “mountains broke loose,” with a surface 
area no more extensive than some western farms. 

423, Mass and Density.' — On these points wo have no abso- 
lute knowledge ; but if we assume that the density is about the 
same as that of the planet Mars (seventy-throo per cent of the 
density of the earth), wliioh is probably an overestimate, Cores 
^ would have a maas of about that of the earth, and the force 
of gravity at her surface would he about of gravity here. 

A fltono would (hsacoud only ubout iuchos in the first second of its 
full, and lliu " parabolic volncity ” at tho planet’s surface would bo about 
UKK) foot a second (.See. Illfi), — .a rifle ln\llot .shot from the planet W(mld 
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never returii. l^or a planet 10 miles in diainetor (d tlio same doitsity, llin 
critical velocity would Ins ojily <38 feot a .second, so that if the hypnthotienl 
dweller on one of these “ pianotnles,” as iliss Clerko eall.s tliom, should 
throw away a stone, it would never come back, but u'ould iKnioino an inde- 
pendent planet. 

It is, howevev, possible from the perturbationa wliicli tho 
asteroids produce (or ratlier do not produce) on Mars to esti- 
mate, for the aggregate mass of tlie flock, a limit whioli it 
cannot exceed, — including the presumably undiscoverod luuUi- 
tiide as Avell as tlie five hundred now known. Leverricr found 
long ago that the total mass could not bo as great as one quarter 
the mass of the earth ; and a much more recent computation by 
Ilaveiid in 1896 puts it below one per cent. 'Plio united mass 
of all thus far discovered would make but a small fraction of 
tliis one per cent, — certainly not over (j of the mass of the 
earth. 

424. The number not yet discovered is prol)al)ly enorinouH, 
though it is practically certain that nearly all that exceed 40 or 
60 miles in diameter are alreadj’- in our catalogue. How long 
it will be considered worth while to search for new ones is 
doubtful, as it is quite certain that the computers will nob 
continue to follow by calculation tlie motioiis of any except 
such as possess peculiar interest for their size or some other 
reason. 

An asteroid is much move diHioiilt to obsovvo ihan a lai'gc planet, and 
immensely move tvoublesonio to follow by ealoulatioii, because of tlio 
pei'tuvbations to wliioh it is exposcKl from .Tupitev’s attraotioii. One littio 
family of tlieso bodies, twenty-two in number, whlcli wore discovered 
Professor Watson of Aim Arbor, is, however, “ondowed” witli a fund 
\Yhioli he loft in Ins will to pay for tlie calculation.s necessary to keep Uiuin 
from getting lost, «>, 

426. Origin. — As to this we can only speculato. 1 1 is hardly 
po.ssible to doubt that this swarm of little rocks iu same way 
represents a single planet of the terrestrial groujn 
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A generally aceeptcd view ia that the material, which, accord- 
ing to tlic nebidar liypothosis, oncm hjrmed a ring or rings like 
those of Saturn, cither continuous or of separate pieces, — matter 
which ought to have collected to make a single planet, — has 
failed to lie so concentrated ; and the failure is ascribed to the 
perturbations produced by its neighbor, the giant -Tupiter, whoso 
powerful attraction is supposed to have disintegrated the ring, 
or at least prevented the union of the separate parts, and thus 
stopped the development of a normal planet. 

Aiiothor view is that the asteroids may be fragments of an 
exploded planet. If so, there must have been not one but man}'' 
explosions ; first of the original, and then of the separate pieces 
in different portions of tlioir orbits. It is demonstrable that no 
single explosion could account for the present tangle of orbits. 

436. The Planet Eros. — This little planet, insignificant in 
size but of great astronomical interest, and already several times 
referred to, should probably be regarded as a member of the 
asteroid family. It has, however, an orbit so much smaller than 
any other asteroid that the di.scoverer claims for it a status of 
its own. 

It was discovered in August, 1898, photograjjhically, by Witt 
of Berlin, and at once attracted notice by the rapidity of its 
motion. After a preliminary calculation of its orbit liad been 
made by Dr. (lhandlor, so that its place could bo approximately 
eomputod for dates in the past, its trail was found on a con- 
siderable number of photographic plates made at Harvard Col- 
lege Observatory during several years preceding (1898, 1894, 
and 1896); and this rendered it possible at once to compute 
a. very accurate orbit. 

437. Orbit of Eros. — Its mean dutanee from the sun is only 
1..46 (186 .600000 miles). Its sidereal period is 643 days, its 
synodic 846 days, 'fhe eoeenlxieity of its orbit is 0.22, which 
inakoH the aphelion distance 166 500000 miles (well outside the 
orbit of Mars and well within the asteroid region), while its 
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perihelion distance (105 300000 miles) is only a little more 
tlian 12 OOOOOO miles greater than the mean distance of the 
earth from the sun. Its orbit is shown in Fig. 125, 

The inclination of its orbit is 11'’, and this, combined with 
the fact that the perihelion of the planet’s orbit nearly faces 
that of the earth, makes the hast pomhle dhtance hetioeen the 
earth and M'oa about 13 500000 mile%. This is only a little 
more than half the least distance of Venus, and it gives the 
planet immense importance from an astronomical point of view, 
since observations madg at such a time of close apinoach will 
furnish a far more precise determination of the solar parallax 
and astronomical unit than any other method known. 

Unfortunately, these close oppositions are rare ; one occurred 
in 1894, and another such opportunity will not occur again 
until 1931. In the winter of 1900-01 the conditions wore 
better tlnui they will be until then, the planet having coino 
within about 30 000000 miles of the earth. An extensive series 
of observations, both visual and photographic, was made, par- 
ticipated in by all the leading observatories of the world. The 
mass of material accumulated is such that it will probably bo 
two or three years at least before the results can bo fully 
worked out. 

428. Eros itself, — The planet is small, probably not more 
than 16 or 20 miles in diameter, though this is merely an esti- 
mate. On account of the enormous variation in its distance 
from the earth (from 13 600000 miles to 260 000000), its bright- 
ness when nearest us is nearly four hundred times as groat a.s 
when remotest. Near aphelion it is observed, if at all, only 
with the very largest telescopes; when nearest, in 1981, it will 
for a few days, perhaps, become visible even to the naked eye. 

A veiy remarkable thing is the apparent periodic variation in 
its hrightnesB observed during the early winter and spring of 
1901,— shown also in some of the Harvard photograjrhs of 
1894 and 1896. At certain times the variation was very 
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Striking, tho j)lanGt in Fobruary and March, 1901, being afc the 
Jnaximnm fully three times as bright as at tho miiiiiuum, only 
two and one-half hours later. At other times tho variation 
disappeared entirely, as in May, 1901. The period of varia- 
tion, which is 6**16"*, gives some evidence of two unequal half 
periods, one of 2‘‘25'" and the other of 2*'51"*, bub this is 'not 
yet cortniu. 

Tin? moat natiiral ^xplimation of tho vaviatioii, na iilrciuly nusntionod 
(Sec. 88:)), is that it i« caa8(Ml hy tlxs axial rotation of tho i)lanot, ■which is 
suppose! (1 to have li{?ht anti dark luavldiigs on its aurfiice. Tf tlnsso are 
arranged aonietliing like tluj continonla on tho earth (conthusiiba light, 
oceans dark), tho variation of light would bo about tis observed when we 
arc in the piano of tlui planot’s equator, and would ceaso wlusu tho plan«t’.s 
pol(J is diroctod towards us. 

Another explanation, prof eiToil hy the French nstronoiner AiidrtS, is that 
tlic pliiiHib ia (fouhh, “ a pair of twins,” consisting of two bodies revolving 
around (inch other almost in contact, in an oval orbit, and wifcli a i>eriod of 
'When wo aro in the plane of tho orbit occnltntious occur twice in 
every revolution, one of tho bodies (iclipsing tluj other ; but on account of 
the eccentricity of tho orbit those eclip.scs are not at equal intervals. 

To account for tho greatness of the light change Andr6 further supijoaea 
that the bodies aro eyg-shajmlf on account of their imitual tidal action, ao 
that when seen aidowiso they proaont three times as much surface as when 
aeon » end on,” one behind tho other. When wo are very much nbovo or 
below tiie orbit-plane, so that the bocliea pass each other without eclipse, 
tho variation of light would cease, lb rcniniiis to he .scon -what future 
obsorvationa may show as to the rival tlieuries, 

429. Intrainercurial Planets. — It is not impossibk) bliab tboro 
is a considerable (piautily of matter circulating around tbo sun 
inside tho orbit of Mercury. Tliis has been believed to be indi- 
cated by the otherwise unexplained advance of the perihelion 
of Mercury’s orbit, but the investigations of Newcomb render 
very doubtful the validity of such an explanation, since the 
nodes of tho planot’s orbit are. not affected as they would bo oji 
that hypothesis, It has been somewhat persistently supposed 
that tills intrainercurial matter is concentrated into ono> or 
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possibly twO) planets of considerable size, and such a planet 
has several times been reported as discovered, notably in 1857 
(when it was even named “Vulcan^’), again in 1878. Wo 
can only say that the supposed discoveries have novor boon eon. 
finned, and the careful observations during total solar coUpsoH 
during tlie past twent}'^ years make it practical l,y certain that 
there is no “ Vulcan,” 2 .e., no single considerable planet. Per- 
haps, however, there may be an iiitramerourial family of 
oids. If so, they must be very small or some of thorn would 
certainly liave beep found during the eclipses j and, if as largtj 
as 100 or 200 miles in diameter, some of them would probably 
have been caught crossing the sun’s disk. 

All attempt was made to detect any existing body oC this hind during 
the eclipses of 1900 and 1901 by means of pliotognijiliy, witli a pliolo* 
graphic lens of long focus arranged to throw the iiniige of an oxteimive 
region of the sky on a collection of photograpliie plates arrangod upon ii 
suitable frame behind the lens. The attempt failed on both occasions. 

430. The Zodiacal Light. — This is a faint pyramid of light, 
for the most part less luminous than the Milky Way, extending 
from the sun both east and west along the ecliptic, I ii northern 
latitudes it is best seen in tlie evening during the months of 
February and March j in the morning, in October and November, 
Its summit is sometimes as far as 90° from the sun, and in tiie 
tropics it is said to be sometimes visible at midnight as a com- 
plete belt extending clear across the heavens. 

Opposite to the sun there is a slightly brighter patch 10° 
or 20° in diameter, called the “ Gegonsohoin,” or “oountoi' 
glow.” This, and indeed the whole phenomenon, is so faint 
that it can be well seen oiily wlieii the observer is whore thoit) 
is no interference from artificial lights. Even tlio presence of 
one of the brighter planets greatly embarrasses the observation. 
The region near the sun is fairly bright, it is true, but is always 
more or less immersed in the twiliglit. • 
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Tho spectrum is u simjle continuous one, without pGreeptihle Tiuisyec!- 
Unes or marking of any kind. We emphasize this hecanse it 
luiH tvl'tCJi heen oiToneously reported that it shows the bright light, 
yellow line wliich characterizes the spectrum of the aurora 
borealis. 

The most probable explanation of the zodiacal light is that Pnjhahio 
it is duo to reflection of sunlight from myriads of small particles 
ruvolving around the sun in. a comparatively thin, Hat sheet or zoaiiicat 
ring (something like Saturn’s ring), which extends far beyond 
tho orbit of the earth, and perhaps even to that of Mars. vhig. 

Near the sun the particles are supposed to be more numerous 
than els ewl lore, as well as more brilliantly illuminated, so that 
although loss than half tlu! sunlit surface of each is visible to 
US, yet on the wliolo tho total sum of brightness is greater than 
olsQwhore, 

As for the (logonschcin, this may bo accounted for by sup- 
posing that the particles nearly opposite the sun “ Hush out ” in 
tho same way that the moon does at the full, 

It huH hiM'ii attempUid to explain tlio zodiacal light as duo to a ring 
of niiitoorio pavticlos i’cv<ilving nroinnt Iha einih ; but in that caso tho 
(it^goiiHohoin Would ho vephveod by a ilark upol caused hy tho shadow of 
llio ear til, unless iiidood tho ring liad a vovy iiupruhable dianiotov of many 
luiUion luUes, As to tlio sizo ol: Iho pavticlos, wo havo no direct evidouco, 
though from tlio analogy of shooting's la vs it is likely that thoy avo very 
HI null, perhaps not lavgiu’ than pinlioads. 

lint it cannot ho sahl that Iho iirohloin is coinidotoly solved. There 
are serious dillicultios with ovory Lhoovy yot proposed, 
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CHAPTER XIV 
THE MAJOR PLANETS 

Jupitoi’; its SutolHU) System; tlie E(iu!vtion (if anti the Dlatunco of llio Snii-^ 

Sutuni: Its Rings mid Satellites — Uranus: Us Diseuvory, ReeuliarllicSt 

SfttolUtes — Noptuiie; its Uiscovory, Peculitu'ltloS) and Satellite 

JUPITER 

JuPiTKR, the nearest of tlie major planets, stands next ici 
Venus in the order of brilliance among tlie heavenly bodies, 
being five or six times ns bright as Sirius, the most brilliant of 
the stars, and decidedly superior to Mars, even wlien Mara is 
nearest. It is not, like Venus, confined to tho twilight sky, 
but at the time of op^josition dominates the heavens all lug'll t 
long, 

431 , Its orbit presents no marked peculiarities. Tlie mea'ii 
distance of the planet from the sun is a little more than five 
astronomical, units (483 000000 miles), and tho eooentrioit^ t>£ 
the orbit is not quite so that the distance from the sun viudos 
about 42 OOOOOO miles between perihelion and aphelion. 

A t an average opposition the planet’s distance from tho earth 
is about 890 000000 miles, while at conjunotion it is about 
580 000000; bub it may come as near to us as 370 000000 and 
may recede to a distance of nearly 600 000000. 

The sidereal period is 11,86 years, and the synodic period is 
899 days (a figure easily remembered), a little more than a year 
and a month, 

433 . Diameter, Mass, Density, etc. — The planet’s apparent 
diameter ranges from 50'^ to 32", according to its distance from 
the earth. The disk, however, is distinctly oval, the equatorial 

882 
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diiunotcr hoing nearly 90000 miles, while the polar diameter is 
84200, Tlie mean diameter 
miles, or a little over eleven times that of the earth. 

I’Ik'ho valu(j« are from the reuont inoasimw of Biiruard ami Soo, and are 
notably lavgur tlnm tliu.sii doterinimid by oarlior observerH with a double- 
iiimgo inicroinotor and given in the table in the Appendix. Very likely the 
truth may lie intermediate. 


A-h 


(see Sec. 189) is 88000 


The oldateucM is , — • very mneh greater than that of any 

other planet, Saturn excepted. 

Its mrfaec Is 122, and its volume or hulk 1365, times that 
of the earth. It is by far the largest of all planets, — larger, in 
fiitit, than all the rest united. 

Its mass is very accurately known, botli by means of its 
satellites and by tlio perturbations whicli it produces upon cer- 
tain asteroids. It is of the sun’s mass, or about 817 

1048.35 

times that of the earth. 

Comparing this with its volume, we find its mean density 
to be 0.23, ne., loss than one fourtli the density of the earth 
and a little less than that of the sun. Its surface gravity is 
about two and two-thirds times that of the earth, but varies 
neai’ly twenty per cent between the eguator and poles of the 


433. General Telescopic Aspect, Albedo, etc. — In oven a small 
telescope the planet is a fine object, since a magnifying power 
of only 60 makes its apparent diameter, even Avhon remotest, 
equal to that of the niooii. With a largo instrument and mag- 
nifying power of 800 or 400 the disk is covered with an infinite 
variety of detail, interesting in outline, rich in color, ■ — mostly 
rods and broAvn, with liore and there an olive-green, — and these 
details change continually as the iilanot turns on its axis. 

For the most part, the markings are arranged in “belts” 
parallel to the planet’s equator, os shown in Fig. 147. The 
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leftrband one of the two larger figures is from a drawing by 
Trouvelot (1870), and the other from one by Vogel (1880). 
The smaller figure below represents the planet's ordinary 
appearance in a 3-inch tele.scope, Fig. 148 is from a bGaiiti- 
ful cb'aAving by Keeler, made, in 1889, which still continues to 



Fro, 147.— Toloscopio Views of Jupiter 


be an excellent representation of the planet’s aspect. ISTear the 
limb of the jilanet the light is less brilliant than in the con tor 
of the disk, and the belts there fade out. 

The planet shows no perceptible phases^ but at quadrature 
the edge which is turned away from the sun is sensibly clarlcor 
tliaii the other. 

According to Zbllner, the mean albedo of the planet is 0.62, 
which is very high, that of white paper being 0.78. Tlio ques- 
tion has been raised whether Jupiter is not to some extent self- 
luminous, but there is no proof, and little probability, that such 
is the case. 
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Fio. 148,— Jupltov 

Aflov tlmwlngs by JCoobr, at Llok Obaorvatory 
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434, Atmosphere and Spectrum. — The planot’.s atmasphoro 
must be very extensive. The forms visible with the teloseopu 
are nearly all evidently atmospheric,” — like clouds, — as 
is obvious from their rapid changes, though Professor ITougli 
considers that we see the pasty, semi-liquid surface of the globe 
itself at. times. Tlie low mean density of tlio planet makes it, 
however, very doubtful whether there is anything solid about it 
anywhere, — whether it is anything more than a ball of fluid, 
overlaid by cloud and vapor. 

The spectmm of the planet differs less from that of more 
reflected sunlight than might have been expected, showing that 
the light is not obliged to penetrate the atmosphere to any great 
depth before it is reflected towards us from the clouds. There 
are, however, faint shadings in the red and orange parts of the 
spectrum that are probably due to some unidentified coiistituonb 
of the planet’s atmosphere; they seem to bo identical in position 
with certain bands which are intense in the spectra of Uranus 
and Neptune. 

435. Rotation.; — Jupiter rotates on its axis more swiftly than 
any other planet, — in about 9''66'’'. The time can bo given 
only approximately; not because it is dilflcult to find, and to 
observe with accuracy, well-defined objects on the disk, but 
because different results are obtained from different spots, rang- 
ing all the way from 9‘'60'" for certain small bright spots to 
9*'66i‘" for others of a different character. Well-marked features 
near each other on the planet’s surface often diift by each other, 
sometimes at the rate of from 200 to 400 miles an hour. 

On the whole, spots near the equator usually show a shorter 
period than those in higher latitudes, but there are numeroiis 
exceptions. There is no such regular diiferonoe as on the sun, 
but there appai'ently are a number of different zones, each witli 
its own rate of rotation, and one or two of the swiftest arc not 
near the equator; neither are the two hemisphoros, the northern 
and southern, alike in their behavior. 
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The piano of rotation nearly eoincides Avitli tliat of the orbit, Piano oc 
the inclination being only .so tliat there can bo no Avell- 
marked seasons on the planet duo to causes suoh as produce 
our own seasons. 

436. Physical Condition; the “Great Red Spot.” — The con- 
dition of the planet is obviously very different from that of the 

earth or Mars, No permanent markings are found upon the Nopomm- 
diak, thougli there are some which may be called at least suh- 

^ , miirklnga. 

jyermanmt^ persisting for years with only slight apparent change. 

The most remarkable instance of such a marking is the great Tiio groat 
red shown in Figs. 147 and 148. It was first noted in 
1878, was extremely conspicuous for several years, and then 
gradually faded away, slightly changing its form' and becoming 
rounder; even yet (1901), while hardly visible itself, the place 
which it occupies is clearly marked by the “bed” it 1ms liol- 
lowed out in the great southern belt. In its prime it was about 
80000 miles long by about 7000 wide. 

Were it not that during the first six or seven years of its 
visibility it lengthened its rotation period by about six seconds 
(from 0**66'''8r)« to 9 '‘5 6 "‘4 1®), wo might suppose it permanently 
attached to a solid nucleus below; but this chango of rotation , 
moans that, relative to its ’position in 1878^ the spot must have 
traveled oomplotoly around the nucleus of the planet j.ii tlie six 
years, unless the nucleus itself changed its own period to the 
same extent, and that without alTecting the motions of the other 
■spots and markings. 

No really satisfactory explanation of the spot and its strange 
behavior has yet been found. 

437. Temperature, — Many things about tlie planet indicate Tompot- 
51 prohaUe high temperature^ as, for instance, the abundance of 
clouds and tlie rapidity of tlvoir motions and transformations, I'noplmiot 
which almost certainly indicate a rapid exchange of matter and 

a vigorous vertical circulation between the surface and the 
underlying nuoleus, if tliero is one. To maintain sueh an 



888 


MANUAL OF ASTRONOMY 


Tlio five 
satellites of 
JviIjUby ; 
their (lis- 
covoTy. 


The flfth 
satellite. 


Data tclnt- 
ing to tlio 
Galilean 
satellites. 


Thivd satel- 
lite the 
largest. 

PeciiHartties 
of tlie/aurtli 
satellite: 
vei*y dark 
surface. 


ebullition requires a continuou.s supply ol; boat, and shuio on 
Jupiter tlie solar light and heat ai‘e only as intense as hero, ^vo 
are forced to conclude that it gets very little of its heat from tho 
sun, but is probably hot on its otvn aocounti and for the saiiio 
reason that the sun is hot, Le., as the result of a proof’ss of eon- 
densation. In short, it appears very prohable, as has been inti- 
mated before, that the planet i.s a sort of ‘‘.soini-sun,’' — hot, 
though not so hot as to be sensibly self-luminous. 

438. Satellites. — Jupiter has five satellites, four of thorn so 
large as to be seen easily with a common opera-glass. Those 
were in a sense the first Jieavenly bodies ever “ discovorocl,” 
having been found by Galileo in January, 1610, with his newly 
invented telescope. The fifth satellite, disoovorod by Barnard 
at the Lick Observatory in 1892, is, on the other hand, cxtronioly 
small and visible only in the most powerful instriunentH. 

It is nearest to the planet, its distance from the center of Jupi- 
ter being only 112500 miles and its sidereal period ll‘'r)7"'.4. 
Its diameter probably does not exceed 100 miles. 

The old satellites, though more remote, are still usually known 
as the first, second, etc,, in the order of their di.staueo from the 
planet. Their distances range from 2(32000 to 1 109000 miles 
and their sidereal periods from forty-two hours to sixteen and 
two-thirds days. Their orbits are almost perfectly circular 
and lie very nearly in the plane of the plane t’,s equator, Tlio 
third satellite is muoh the largest, having a duimotor of about 
8(300 miles, while the others are between 2000 and 8000, — all 
of them larger than our moon, though much less massive, 

For some reason, the fourth satellite is a very dark-com- 
plexioned body, so that when it crosses the planet’s disk it 
looks like a black spot, hardly distinguishable from its own 
shadow; the others under, similar cirounistances appear bright, 
dark, or are invisible, according to the brightness of ' the part of 
the planet which happens to form the background. With very 
powerful instruments spots are sometimes visible, on their 
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sui'fuces, and there are variations in their brightness; W. H. 

I’iclcering, J)oiiglas8, and some otlier observers have also reported 
periodic irregularities in their forms, as if they -were cloudlike 
in constitution. 

In the case of the fourth satellite the regularity in the changes 
of brightness indicates tliat it folio w.s the example of our moon 
ill always keeping the same face towards the planet, and the Keeps snino 
observations of Douglass at Flagstaff, in 1897, of spots upon the 
surfaces of the third and fourth satellites also indicate a rotation timing its 
agreeing with their orbital periods far within the limits of error romtion. 
to be expected in such observations. It may be considered prae- 
ticall}’^ certain that both these satellites behave like our moon. 


Tli« four HiitiillRcK of Galileo liave name.s also i vi/.., To, Eiivopa, Gany- 
mede, and Callistu, — To being the nearest to tlio planot. Hut these names 
are seldom used. 


Names of 

Gnlilonn 

satoUitos. 


439, Eclipses and Transits, — The orbits of the satellites are Keiipsesand 
so nearly in the plane of the planet’s orbit tiiat with tlie ox cep- 
tioii of tlie fourth, wliicli at certain times escapes, they are utos. 
eclipsed at every revolution, and also cross the planet’s disk at 
every conjunction. 

When the planet i.s oitlier at opposition or conjunction the 
shadow, of course, is directly behind it, and wo cannot see tlie 
Gclipso at all. At other times wo ordinarily see onl^^ the hogin- 
ning or tlie end; but when the planet is at or near quadrature 
the shadow projects so far to one side that the Avholo eclipse of 
every satellite, except the first, takes place dear of the disk. 

An eolipso is a gradiial phenomenon, the satellite disappeai’- 'i'lm phe- 
ing l)y becoming slowly fainter and fainter as it plunges into 
Iho shadow, and reappearing in the same leisurely way. 

Two important uses have been made of those eclipses: the}^ Thoii-usoiu 
have been employed for the do termination of longitude, and •^**'-*‘*'“”*‘i* 
they furnish the mcMns of ascerlaininy the time required Inj light 
to traverse the space between the earth and the sun. 
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440. The Equation of Light.-— When wo obsoi'vo a celestial 
body we see it, not as it in at the moment of observation, but as 
it was at the moment when the light whioh we see loft it. If 
we know its distance in astronomitjal units, and know liow long 
light takes to traverse that unit, we can at once correet our 
observation by simply dating it haoh to the time when tho light 
started from the object. 

Tho necessary eorreetion is called the liquation of Lights and 
the time required hg light to traverse the mtronomiGal unit of 
distance is the Oonsfani of the Ughi-equaiion (not (xiiite five 
hundred .seconds, as we shall see). 

It^Ynsin 107") that Hooiaor, Hus DaniHli n»lronomoi' (tlio invuiUoroE llio 
transit-iastruniGiii, iimridiaa-cii'cln, and pvhno vortical iufltrinnbnt, — a inau 
almostaceJitnryin advaiioo of liis day), found that tho oclipsoH of Jtipiter’a 
satcllitos allow a pocullav variation in their times of oceurronco, which ho 
explained as duo to blui time tukm hi lu/hl to ittma through sintcof lIlsLokl 
and original Huggostinu was neglected for niovo than lifty years, until long, ' 
after his death, when llradley'a diseovery of atiernttitm proved tlio coircot. ’ 
ness of his views. ■ ' i , , 

441. EcUpsG.s of' the satellites recur at intervals which are really, 
almost exactly equal (tho perturbations being very alight), and ' 
tho interval can easily ho determined and the times tabulatddi ; 
Hut if we thus predict the times of tlio eclipses during a 
synocUo period of tho planet, then, licginning at tho time of oppo*. 
sitioiij it is found tliat as the planet rceedos from the oar Hi tin) 
eclipses, as observed^ fall constantly more and more hcMndhai^^'i f 
and by precisely tho same amount for all four satollitos. Thio dif*; 
i'erenco between the predicted and observed tiuio continues 

crease until tho planet is near conjunction, when tho oolipsos 
almost seven toon ininutcs later tliaii tho prediction. After 
conjunction they quiekoii their pace and malco up the loss, so , ' , . " 
wlien opposition is reached once more they arc again on tlino. 

It is easy to see from Fig. 149 that at opposition the plftiliji 
is nearer the earth tliaii at conjunction by just two aatroiion 
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Hllltlt, 


units, i.e,, JU — JA ~ 2 iSA, Tught coining from J to tho earth Hov/ thin 

when it is at A. will, therefore, make tho journey (|uiekor than 

when it is at //, hy twice tho time it takes light to pass from S ortiioiight- 

to A, provided it moves throng] i space at a uniform rate, us 

there is every reason to believe. 

Tho whole apparent retarchitioii of eclipses between opposi- 
tion and conjunotion must, tlierefore, he exactly Uoioe tlie time Tiiocon- 
reqxdredfor light io come from 
the aim to the earth. In this 
way tho “ light-equation eon- 
stant’* is found to bo very 
nearly 499 seconds, or 8"T9®, 
witli a probable error* tif per- 
liaps two seoonda, 

Attention is specially di- 
rected to ’the point that the 
observations of tho eclipses 
of Jupitor\s satellites givo 
dirccilg neither the vdociUj 
of light nor the diatanoe of the 
' aun; they give only tho time 
required by light to make 

tho Journey from the .sun. Many oloniGntary text-books, ('spe- 
cially the older ones, state the ease carelessly. 


Fin. !■»). ■ 


Uoto mi nation of tlin Hqualion 
ofLiKht 


Since tlicso cclipsoH aru grmlmd plKmonioun, tlio dotfiniiiuiiLioa of tUo 
exact momiiut of a satellito’a dieappcarauco or reHpiKiiimiuic is very 
iliflloiilt, aiul tliis rondci'H tins residt sonu'wlmt iincoi'laiiu Prof. R. C. 

Piclon'ing of Oambritlge lias propased to utilizo ■i)lioUmetri(i observations 
for Dkj purpose of niivldiig tlio dcjtormi nation iiiorc prcciso, and iwo sories ruotomoirio 
of obsorvationfl of this sort and for this purpose are now complotod, and modiod of 
are licing reduced, ono in Cambridge, and tlio other in Paris under llm 
dirootiou of Cornu, who devised a similar plan, Piclcoring lias also applied 
phologrophj to the observation of these eclipses with encouraging success, 

442. The Distance of .the Sim determined by the <^Light- 
Equatlond’— Until 1849 our only knowledge of tlio velooitg of 
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light was obtained from such observations of Jupiter’s satellites. 
By assuming as known the earth's distance from the sun^ the 
velocity of light can be obtained when we know the lime occu- 
pied by light in coming from the sun. At present, lio\vover» 
the case is reversed. We can determine the velocity of light 
by two independent experimental methods, and witli a .surpris- 
ing degree of accuracy. Then, knowing this velocity and tho 
“light-equation constant,” ^ce can deduce the distance of the sun. 
According to the latest determinations, the velocity of light is 
186330 miles per second. Multiplying this hy 199, we got 
92 979000 miles for the sun’s distance. (Compare Sec. 173.) 


SATUBH 

443, Saturn is the most remote of tho planets known to tho 
ancients. In brilliance it is inferior to V eims and Jupiter, or even 
Mars when nearest ; still, it is a conspicuous object of the iirst 
magnitude, outshining all the stars (except Sirius) with a stoudy, 
yellowish radiance, not varying inuch in appaarauco from month 
to month, though in the course of fifteen years it alternately 
gains and loses nearly fifty per cent of its brightness with tbo 
changing phases of its rings ; for it is unique among tho heavonty 
bodies, a great globe attended by eight, perhaps nine, satellites, 
and surrounded by a system of rings which has no oountei'part 
elsewhere in the universe, so far as known at present. 

444. Orbit. — Its mean distance from the sun is about nine 
and one-half astronomical units, or 886 000000 miles ; but tho 
distance varies nearly 100 000000, on account of tlie consider- 
able eccentricity of the orbit (0.066). Its nearest opposition 
approach to the earth is about 774 OOOOOO miles, Avhile at tho 
remotest conjunction it is 1028 000000 miles away. 

The sidereal period of the planet is about twenty-nine and 
one-half years, the synodic being 378 day.s. Tho inclination of 
the orbit to the ecliptic is about 2i®. 
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445. Dimensions, Mass, etc. — Tho apjnu'ciit. mean diainetur of 
the planet varies, according to the clistaiuie, from 14" to 20". 
The equatorial diameter is about 75000 miles, tho polar diame- 
ter only (J7400; the mean diainotor, therefore, is about 72500, 
— a little more than nine times tho diameter of the earth. Tiio 
oblatenesa of Saturn (the ilattening at the pnles) is nearly -Jjj, 
being greater than that of any other planet. 

''J'he mrface is about eighty-four times that of the earth, and 
its volume 7 OH, 

Its muM is found by means of its satellites to bo ninoty-hvo 
time.s til at of tlie eartli, so that its mean density eoines out only 
one eighth that of the earth, — only two thirds that oP water 3 
It is by far tho least dense of all the planetary family, Its 
moan miperjioial gravity is about 1,2 times gravity'’ upon the 
earth, viuying, howovor, nearly twonty-Avo per cent between 
tho equator and tlie polo. 

The rotatio7i period is about 10'‘14'“, as determined by Ih’o- 
fossor Hall in 187(1 from a wliito spot that appeared on tlio 
planet’.s surface and cjontinued visible for several weeks, laihir 
observations of Stanley Williams in 1893, while conlivming this 
result, indicate that there are vigorous surface currents, as on 
Jupiter, ,so that dilfereiit spots give rotation periods diffuring 
by several minutes. 

Tlio equator of the planet is inclined about 27® to the plane 
of tho orbit. 

446. Surface, Albedo, Spectrum, — .The disk of the planet, like* 
that of Jupiter and tho sun, is diirkor at tho edge, and, like tliat 
of Jupiter, it shows a number of bolts arranged parallel to tho 
eqiuitoj'. 4'he equatorial holt is very much brighter tlmn the 
rest of the surface (not quite so mucli so, liowever, as repre- 
Hontod in A'ig. 150), and is often of a delicate pinkisli tinge. 
Tho belts in higher latitudes are comparatively faint and 
narrow, while just at tlie pole there is a dark cap, s o in o times dis- 
tinctly olive-green in color. Compared witli Jupiter, liowever, 
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tliors is ¥61*3^ little detiiil observfiblo on tlio Hiirbico ^ tlio 
edges of the belts are usually smooth, with only ocoiiHiomil 



Fig, 160. — Sntnrn 


After I’rootor 

irregularities, and the spots, when they appear, are as a rule ill- 
defined and very faintly contrasted with the background, 8 » 
that they are difficult to observe. Like the markings on 


Jupiter, they uro almost certainly atmospheric, clouds oE 
no great density. 

The moaji albedo of tlie planet is 0.62, according t() Zollner, 
— very nearly the same as that of Veims. 

The S 2 )ectrim of Saturn is substantially like that of Jupiter, 
but tlio dark bands in the lower part of the spectrum are more 
pronounced. These bauds, which are doubtless duo to some 
unidentifiod constituent of the planet’s atmosphere, do not api^ear^ 
hotocvRi'i in the speotnim of the rings^ which presumably have 
very little atmosphere upon them. 

As to the physical condition and constitution of the planet, 
it is probably essentially like that of Jupiter, though still farther 
from solidity; it docs not, liowovor, seem to boil quite so vigor- 
ously at the surface. Its supply of solar Imat and liglit is less 
til an of that which wo receive on the earth, 

447. The Rings. — The most roniarkahlo peculiarity of tho 
planet is its ring system. 'I'he globe is sunouiidod by throe thin, 
flat, concentric ring.s in tho piano of Saturn’s equator, like cir- 
cular disks of paper perforated through the center, They 
are generally refei'red to as A, and C, A. being the oxtorior 
ring. 

Galileo ha(f disco vered them in 1010 ; that is, he saw with 
his little tele.seopc two ajipendages on each side of the planet, 
but ho could make nothing of tliem, and after a Avhilo ho lost 
them, to regain them again some years later, greatly to his 
perplexity. 

The problem remained unsolved for nearly fifty years, until 
Huyghens explained the mystery in 1065. Twenty years later 
D, Cassini, discovered that the ring is double., i.a., composed of 
two concentric rings, noth a dark line of separation between 
them, and in 1860, bond of Cambridge, U.S., discovered the 
tliird “dusky” or “gauze” ring between the principal ring and 
the planet. {It Avas discovered a fortniglit lator, and indo- 
pondontly, by DaAves in ICnghind.) 
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The outei’ ring> has au exterior diaiiieter oil about 173000 
miles and a width of nob quite 12000. Cassini’s divisiuii 
between this and B is about 1800 miles widej the ring By mueh 
the broadest and brightest of the three, lias a breadth of about 
17000 miles. The senii-transxxirent ring, C\ lias a width of 
about 11000 miles, leaving a clear space of from 7000 to 
8000 miles in width between the planet’s oijuator tiiul its inner 
edge. Their thickness is exceedingly small, — probably les.s 
than 50 miles. (These dimensions are from the recent measure- 
ments of Professor See and .differ slig’htly from those given in 
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the O-cneral Astronomy,) There is some reason to suspect that 
tlie rings may have changed their dimensions at different times, 
hut as yet the proof is insufficient. 

448. Phases of the Rings. — >Tho rings are inclined about 28° 
to the ecliptic (27° to the planet’s orhit),, having their nodes in 
longitude 168° and 348°, and of course maintain thoir plane 
parallel to itself at all times. Twice in a revolution of the 
planet (once in about fifteen years) this plane sweeps across the 
orbit of the earth (too small to be sliown in Fig, 151), oeou])y- 
ing not quite a year in so doing j and whenever the plane passes 
between the earth and the sun the dark .side of the ring is 
towards us and the edge alone is visible. T)io plane of the 
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ring travoi’SGs the orbit of tho earth in about <360.6 days, and 
during this time tho earth lierself passes the plane oitlier onec 
ot three times, aeeorcling to circumstances, —usually three times, 
thus cauvsing two periods of, disappearance during the critical 
year. When the earth is crossing the plane of the ring, so that 
its edge is exactly towards irs, the ring beconies absolutely 
invisible to all oxiatiug telescopes for several days; and in tho 
longer periods, while the dark side of the ring is presented to 
118 , — sometimes for several weeks, — only the®most powerful 
instruments ean see it, like a fine needle of light piercing tho 
planet’s ball, and with satellites strung like beads upon it, as 
shown in tlio upiier view of Kig. 160. 

449. The Structure of the Rings. — It is now universally 
admitted that the rings are not continuous sheets, cither solid or 
liquid, but a //oa/c or stvarm of itC 2 )arate jiartieUs^ little moon- 
lots,” each pursuing its own independent circular orbit around 
the planet, though all moving nearly in the sumo plane. 

Tho idea ■was Hvst suggostoct )jy J. Ciiasini in 1716, and lator by Wright 
in 1760, bub waa (luito lost aight of until brought forward again by (J, T, 
Bond ill onunoftbion with Ida fivthov'a disoovovy of tlio dusky ring. Toircc! 
soon doinonstratcil that tho rings not he solids (hough lio was dis- 

posed to think they might bo liquid. Clerk Maxwell in 1867 went further, 
by sliowing mathnmatically that whilo they could bo noither solid nor 
liqidd, they imist, in order to bo ponnanont, bo constituted as explained 
abovo. 

There are also obseiwational facts that confirm tho theory. 
Seoliger has shown tliat the variations in tho naked-eye briglit- 
jiess of tho planet, duo to tlio pliasos of the rings, ean be explained 
only on the hypothesis that they are like clouds of dust. Again, 
in 1892 llarnard observed tho satellite lapotus during one of 
its ooUfises (a very rare ovout) and found tliat tlio shadow of 
the ring is not opaque; the satellite did not disappear when 
iumiorsed in it, but vanished as soon us it entered tlie sliadow 
of the ball. 
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450. Keeler’s Demonstration of the Meteoric Theory of Saturn’s 
Rings, — In 1805 Kuolcr, then tit Allugluiny, obtaimid sjjeefro-; 
sooiiio 2 '>'i'oof that tho outer edge of tlus ring revolves mora dowly 
than the inne}\ lus tho tliooiy najiviros, hut us would not bo ttle 
oiiso if tho ring wtiro a 0,011 timious shoot. I’hotogrnplis wove 
inado of tho spootnim of tho i>lanot with tlio slit of tlio spoctro- 

scope crossing fclie jilanot 
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and its rings, as aliown 
in Fig. 152, which is a 
mindi imigniiiocl dinwi 
ing of the actual inmgo, 
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displaooniont is practically douhled at the time of l;he planelM V 
ojiposition, — twice iw (jnutt m if tlie particles were SGlf-iumijwUfeff. 
On tlio oastorn side there is an iHiual shift towards the vi6V6j|':^,,; 
Now, on looking at tho diagram of tho spectrum (given l>ol(i||-x|i 
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The fact is made coiispicnmis hy ib? effect upon the incUna- 
lion of the linos: wliile in tho spooti'um of the ball tliu lines 
slope upwards towards tho right, in tlie ring speotniin on both 
sides th(iy slope the other way. 

At tho inner edge of the ring the observations indicated a 
velocity of 13i miles a second, at the outei’ edge only 10, — 
precisely tho velocities that satellites of Saturn ought to have 
at tlio oniTosponding distances from the planet. 

It mny bo notod also that tlio inolination of tho linos on Lins liiill iiuU- 
oatoH at tlnj (idgo of tho phiiiot a volooUy of (1/1 niilus il «ooond, oorvosiionrl" 
ing to a rotation povlod of — almost oxaolly agrooiiig 'with that 

(lodncod by Profossor Hall from tho obaorvation of tho spot. 

Tho ohsw’vations nro ((xtummly dolieato, ns thn wholo ■\vicltb of ttio 
Hpoctruin was not quito a niilliniotor, tho ligimj Iming nuigniriod noarly 
fifty tiniOH, Pul: Koolev’s rosults luivu ainco boon fully uonfirmtid by 
Doalandros, Ihdopolsky, and Cauipboll. 

The investigations of Horinann Struve show that the wffss 
of tho rings is inappreciahlD ; tliey produeo no dis tin fitly 
obsei’vahlo effcot upon tho motion of tho satellites. M'o use his 
graphic expression, they seem to bo eoniposed of “ iminatorial 
light,” — more dust films or wreaths of fog. 

461. Stability of the Ring, — If the ring were solid, it cer- 
tainly Avould not bo stable; it could not oiiduro the strains 
duo to its rotation, nor is it certain that esmn tlio swarmliko 
structure makes it forever secure. 'Pbero have boon strong 
suspieioim of a elmnge in tlio widtli of the rings and their 
divisions, but tho latest moasuromonts hardly con firm the idea. 
It is not, Innvover, improbable that: the ring may ultimately bo 
broken up. 

It can liardly be doubted tliat the details of the ring are con- 
tinlially ebimging to sonio extent; thus, the outer ring, yf, is 
occasionally divided into two liy a very narrow black lino Icnown 
as “ISnoke’s di vision,” though more usually there is merely a 
darkish streak upon it not amounting to a real break in the 
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NUrflu-o. Wlitin iho rings nw. udgowisii nol;a])l(‘ iiTogulurilics 
itui olisi!i'V(td upon thnm, ns IT thuy woro not aoounitcly piano 
110! ijnitt!- ol (!V<n\ thioknoss tlironghout. Irrogularitics mx) 
lopurUnl uIho in Dm form ol; tlui shudow (iiist by tlio plniiQt on 
tho rings, imlii'ivting Unit tins ring surfiiou is not uutiruly flat. 

Itnl I'liiilinn jiiiisl lie uHi'il in and inlc'vpndiiif' fiucli tibaorvn- 

liniifi, lifciiiiHii illiislDiis iii’i' vovy apt In ootjiu' b'oiu tlin laaHt hidiHliucLiiea* 
• )f viHitiM in‘ laiiiliii'HM nf lif,dit. Unnnnilly Hponkinji', llin \vritor IniH found 
llinl till* Itnilcr 11m Hi'ninff, llm bnvm' jilnmnnal ujiiunmnict’a aro noted, tnul 
lln^ I'Xpi'riMinm ttf oilmr oliHm’vm’s willi largo iuhtHoopoH ia Ihn aamo. 


162. SatolUtcs. iSiiturn has night (possibly niiio) of tlioae 

nlUnnUinls, tbn hirgnst of whinb, ninund Titan, was discovorcd 
Ity Iliiygbnns in Ibbr), It is onsilysnon witli it h-incli toloscopo. 

1 ). C 'nssini, with his long-foons tolosno]m (vSnn. 44, note), found 
four (ttluM's bnforn 1700 } Sir W. Ilnrsohnl in 1789, with his 
grout bfiint rolhador, distiovnvod the two whinh are noarest the 
plnntd ; and in '1H4H tlin nhlnr Ilond added an nighth. 

As tiio ordiM' of disnovnry dons not agree with that of di«tanoo, 
it liiiM been foninl nonvniiinnt, in order to avoid eonfunLon, to 
ndoid. names for tlni satellites (suggested by Sir .John Horachol). 
'I'boy nre, beginning with the most remote, 

lapMiis, (Ilypariiiii), 'I'ilan ; Ulma, Ditine, 'I'ethyH; Eimclfulus, Alhnniji. 


Limvirjg nnt IJyporion (wbieli bad not been discovGrod wboii 
llm. naiims were lirst assigned), they form a lino and a half of n 
legular Latin penlameter. 

Tim range of ibe system is enormons. bipPtiiH is at a distniioo 
of 2 220000 miles, with a period of seventy-nine days, — iiGiuly 
us bmg MS Halt of Mereury. On the western sido of Saturn this 
salolHto is always nmeb brigbtei' tlian at the eastern, showing that, 
like uni' own moon, it always luseps tho same face towards the 
pliiiml, one half of its snrfaee being darker than the other, 
'j'ilau, as its name suggests, is by far tbe largest. Its dLstauae 
is nl unit 77 000 0 miles and its period a little less than sixlooii,:; 
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iluyM. It probably 3000 or 4000 miles in Oianiebn’, Its mass 
is foiiiul, from the perturbatioiiH proiliioed by it in tlie motion 
of the other satellites, to bo of .Saturn’s. 

Tlie orbit of lapetus is inclined about 10° to tlio plane of tlio 
ringKS, Imt all of tbo other .satellites move sensibly in tlioir i)lano, 
ami all the live inner ones in orbits aonsilily eircnlar. 

Kiu’ly ia IHIU) Prof. AV, II, .I’iektn'ing miuouiicod tli(! discovery of a 
ninth siinillite (to wliicli lio Ima as-sigiKitl tlio inime of Phmhe), founcl lui 
])lioto/frapliH iniuhs at /Vr<5qUij)ii, (ho H«)iitlnn’n aiim'x of tlio Ilarvartl (hillngn 
Oliservutory. Tlio iliita wovo not snllioiont to (lotoriniiio its ovhit fnrfclim' 
than that tho sutollito must lio at a distance of sever a I mill inns of! miles, — 
much exceeding tliat of laiietus, and wiili a period iniich exceeding a your. 

No eniilirniaUon lius, Imwever, yet licen ohtaiiieil from pliolograpliH 
since made. 'J’lie sjilellito, if it exists, is too small In ho smi with any 
existing teleseope; Imt wo cun photograph wliat is not I'idbk^ 


U.UANITS 

463, Discovery of Uranus. — Uritnn.s was iho first planet over 
“ disco vernal,” and the discovery ereiitod great oxcitemoii t and 
brought tbo liigliest honoi’S to the astronomer. It was found 
ncoiden tally by the ehlor Ilersehel on Marcli 13, 1.7 HI, wliilo 
“.swelling” the heaveiiH for interesting objects with a 7-incli 
reflcotor of his own construction. Ho rocognix-eil it at once by 
its disk a.s something different from a star, but never (beaming 
of a new planet supposed it to bo a pemdiar kind of eometj Us 
planetary oharactor was iu>t donionstnited until nearly a year 
had passed, when Loxoll of St. Petersburg showed by Ins calcu- 
lations that it was <loabtlo«H a. planet beyond Saturn, moving in 
a nearly eircular orbi t. 

It is easily visible to a good eye on a moonless night as a 
star of tlio sixth magnitude. 

Tho name of Uranus, suggt'sted by Bode, limilly jiro vailed 
over other aiipellations that were proposed (Mcrschcl liad called 
it tho “ Gcorgium Sidiia,” iu lion or of tlio king). 
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It was foiiiul oil I'cokoiiing baclnvard that the planoL liucl been 
man}’’ times obsorvod as a siai* and lunl liandy missed discoveiy 
on several jiiovious oecavsions, Twelve observations of it had 
l)eon made by Lemoimior alone, and later they proved extremely 
valuable in eonnectioii with the mvos ligations which led to Uio 
discovery of Neptune. 

454, Orbit of Uranus, dMie mean diHtanir of the tdunetfrom 
the sun is 19.2 astronomitail units, or 17H2 090000 miles. The 
sidereal ijeriod is eiglity-four years iind the synodia 909^ days, 
the annual ndvaiieo of tho planet among the stuns hoing only 
a Utllo over The eoeciUriaili/ of thti orbit is about tho 

same as that of Jupiter, tho sun being K{i 000000 out of the 
center of tho orbit, 'flu! indinalion of tho orbit to the oclipUc 
is only 46'. Tho light and heat received from live sun are only 
about of tliat reeeivod by us. 

456, The Planet itself. — In tlie toloseope it sliows a greenish 
disk about d" in diametor, though tho nmusnremeuUs of See 
make it only 3 ".3, corresjionding to a diameter of only 28600 
miles, wliiob is 3400 miles less than that hitherto gonorally 
accepted and given in tlie tables of the Atijumdix. If wo admit 
the coiTGciness of this now measure, tho indimv. eomes out only 
f or ty-Ho von times that of the earth as against tho sixty-five of 
the tables. Ol'lie wass is doLormim'd much more aeeuvatoly than 
tho diametor (by tho motion of its saLellites) and is about 14,0 
times Hint of tho earth, the densily of th(‘ planet (still acocjiting 
Seo’s diamotor) being 0.3 L of the earlli and its surface firamty 
a little greater than ours, 1.11. 'Phe albedo of the plnnot is 
very high, 0.62 according to Ziillnei', iwen higher than that of 
.liipilor. 'Phe spectrum oxliibits stnmg chirk bands in the ml, 
duo, doubtless, to some iinic Ion tilled substaneo in tho planol’^ 
})i'obahly denser atmos])here. 'Phoy explain the groonisli lingo 
of tho planet’s light. 

’■pho planet’s disk as detevniined liy various olistsi’vors about; 
1882, when the plane of the satellites’ orbits was clirootod , 
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towards tlio oarth, was obviously oval, indioatliig an oblatoiioss Obiaionoss. 
of about At present {1902) the pole is prcisented to us and 
the disk appears round. There are no dintmot markings on tho 
disk, hut there are faint traces of belts, wliieli appear to lie not Uoits. 
exactly in tlic plane of the satellites, lait at an angle of soino 
15° or 20°. They are too indistinct, howcYCr, to warrant any 
positive assertion. Nothing Inis yet been observed from which 
tho rotation of tho plaiiot can be detoriniiKnl. 

456. Satellites. — I'lie pi aiuyt has four satellites, — Ariel, lliu- Tho fo«v 
l)riol, Titania, and 0 boron, vVriel being tlui nearest to tho planet. 

The two brightest, O boron and Titaiua, wen? <liscovered by 
Sir William Hersehel, who tbouglit ho had (lis(!overed four 
others also; lie may have glimpsed Ariel and Umbvhjl, but it 
is voiy doubtful. They wore finst ecvtaiid}^ discovered and 
observed b}'^ hassell in 1851. 

'riieso satellites, especially the two inner ones, are telescopi- 
cally the smallest bodies in tin? solar system and the hardest to 
sec, excepting perhaps the (ifth satellite of Jupiter, in real 
size they are, of course, nmcli larger than tin? Hatcllites of Mars, 
voiy likely measuring from 200 to 500 miles in diameter, 

'ld?eii* o)‘bits are s(?nsil>ly eireular, and all lie in one plane, Timivorhiia. 
which ought to bo, and probably is, eoincidont witli the plane 
of the planot’.s e(piator ; but tlie belts raise questions. They 
.are very “close packed” also, Oberon liaving u distance of only 
375000 miles and a period of 13'’1 1'‘, while Ariel has a period 
of at a distance of 120000 miles. Titania, tho largeKt 

and brightest, is at a distance of 280000 inile.s, a little greater 
tluin that of the m(?on from the earth, with a period of 8‘’17‘'. 

The most remarkable point about this system remains to be 
moutioned. The plane of their orbits is inclined 82°. 2 to the flimtincii- 
phiiie of the ecliptic, and in that plane tlioy revolve haekivartUi 
or wo may say, what comes to the same thing, that their orbits Hmsin/ai’d 
are inclined to the eoliptio at an angle of 07°, 8, in which case 

, . i , . 1 -1 1- HlUollltOfl. 

Iheir revolution is to be con.sidered us dii'cct. 
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457, Discovery of Neptune. — 'I'his is rockonod as llie {^rcaLosl; 
IriiTiiiph of nmlhonmtieal astronomy sinoo Uio days of Newton. 
Inirneiability It ^^'■as voiy sooR found impossible to reooneilo the old observu- 
of Uwums. ^QJ13 q£ tTranus by Leinonnior and others with any orbit that 
would fit the observations made in the early part of tlie uinO' 
tocnlh eentiiLy> ami, what was worse, tlu^ jdaiKit almost iinine- 
diately began to d(5viatc from tlie or])it computed from the imw 
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observatioiiB, even after allowing for the disturbaiuies duo lo 
Saturn and .Inpiter. It was misguided by some unknown innu- 
eneo to an amount almost peroeptiblo hy the naked eye; the 
difforonee between the actual and (ioinputed )>lacos of the planet 
amounted in 1846 lo the “intolerable quantity” of nearly two 
minutes of are. 

'I’his IS a litLlo more Miau on« half the dislimpo botwrem tho two prim 
cipal componouls of the dcnihlc-douhlo slar, c byra*, thi« north(*ni mm ot 
tho two liUlo stars which form tho small c(juilalf‘ral Irianglc willj A’^oga 
(Fig. 100, Hco, fi8fi). A very sharp eye can perceive (lie duplicity of c 
without tho aid o£ a telescope*. 
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One miglib think that such a miunto di.screpaney bolwoon 
observation and theory was hardly worth minding, and that to 
consider it “intolerable” was putting the ease very strongly, 
but ill ftcienee unexplained “residuals” are often tlio aoccla* 
from whioh now knowledge springs, .fust tlieso ininuto dift* 
cropancios supplied tho data wliicli suHieod to dotormino the 
position of a groat world, before unknown. 

As tho 3‘Gsult of a most skilful and laborions investigation, 


Alnlhomnlt 
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hy f.ovovrior. LovGrriGi*, a youiig French astronomer, wrote in substaneo to 
Gallo, then an assistant in Ibo Ohsorvatoiy at Berlin} 

“Dw'ccfi i/oitr lelesoope lo a poini on the eeliptio in the misteUao 
lion of Aquarius^ in longitude /Mj®, and you toiU find within a 
degree of that place a new planet^ loohing like a a/a?' of about fJte 
uinlh 7 nagni(\uh\ and having a per ceptihle dink, 
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Tlio planet was found at Berlin on tluj night of Sept. 28, Optifni dis- 
1846, in eKuet uceorduiuH) with tliis iH'wIlctioii, within half an 
hour after the astronomers began looking for it and witliin 52' 
of the preeisG point that Levorrior had indicated. 

'I’lio EngllHli Adams fairly dlvidos with LevaiTior the honors for tho SimvA of 

mathomatical discovoiy nf tho plaiuit, luivinj*; solved the problem and Adams In 

deduced tlie nlauet’s anuroxiinate place evea earlier than his competitor. 

^ ^ , i*oYovy* 

'I’ho planet -was boinj>' Si'U relied for in Eiijfland ab the time \\dion it was 

foitnd in (Jorinany. It luul, in fact, bcon already Uvice observed, and the 

discovery woiild necessarily have followed in a few weeks, uiion the roduc- 

tion of tliG English ob.se rvatioiis. Leverrier died in 1877, Adams in 1802. 

flallo alone of the discovorera survives, the aged Emeritus Professor and 

Director of tlio Univiirsity Observatory at Breslau. 

468. Error of the Computed Orbit. — Both Adania and Lever- Kn-orof 
rior, hesidc.s calculating the planet’s position in the heavens, 

had deduced elements of its orhit and a value for its niUHS» totuo 
which turned out to bo seriously incorrect. The reason was <i8smni»tioa 
that they assumed that’ the now planets mean distance Irom the luw, whicii 
sun would follow Bede’s Law, a supposition (tuito warranted by 
all tliG facts then known, but which, nevertheless, is not even 
roughly true. As a consequence, their computed ele?n(mts 'were 
erroneous, and that to an extent which lias led high authorities 
to declare that the mathomatioally computed planet was not 
• Neptune at all, and that the discovery of Neptune itself was 
simply a “liappy aecidont.” 

Tills is not so, however. Wliilo the data and methods 
employed were, not by thomsolvea sufficient to dot ermine the 
planet’s orhit with nceiiraey, they wore adequate to ascertain McUioi! 
the planet’s direction from the earth; the com pu tons in formed 
tliG obsGVVom where to point their telosoopes, and tills was all <iiro(5tioH 
that was necessary for finding the planet. In a similar case the 
same thing could ho done again. 

469, The Planet and its Orbit. — The planet’s mean distance 
from the sun is a little more tlian 2800 000000 miles (imstoad of 
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being over 3600 000000, aa it sbould bo according to BocIg’s 
Law), The orbit is very nearly circular, its ccaeniriaUj/ beiiigf 
only 0.009. Even this, however, makes a variation of ovov 
50 000000 miles in the planet’s distanco from the sun. Tho 
period of the planet is about 165 years (insttiad of 21.T, ns it 
should bo according to Loverrier’s computed orbit) and tlio 
orbital velocity is about miles per second. 'Phe hwlinalion 
of the orbit is about l|-°. 

Neptune appears in the telescope fis a small star of between 
the eighth and ninth magnitudes, absolute!}'’ invisible to the 
naked eye, but easily seen with a good opera-glass, thongU not 
distinguishable from a star with a small instrument. Like 
Uranus, it shows a greenisli disk, having au apparent diamotor, 
according to the measures of IT. Struve, of 2'h2. The measures 
of earlier obsoiwers were all mucli lai'ger, and until very recently 
the value 2'h6 was generally accepted, and is for the present 
allowed to stand in the Appendix tables. Recent miatsures of 
Stmve, Barnard, and See all coiiour, however, in sliowing Hint 
this value is much too large. 

Accepting Struve’s measures, the diamotor comes out onl}'’ 
29760 miles, and its volume lifty-threo times that of the earth ; but 
the margin of possible error must bo still (|uite large. The w«8», 
as determined from its satellite, is about seventeen times that «f 
tile earth. Its dendty (according to Struvo’s diameter) coinos out 
0.84, and the surface gravity one and one-fourth times our own. 

The planet’s albedo^ according to Zblliier, is 0.46, ■ — a triflo 
less than that of Saturn and Venus. 

There are no visible markings upon its surface, and nothing 
certain is known as to its rotation, 

The spectrum of Bio planet appears to be like tliat of Urtuiua, 
but of course is rather faint. 

It will bo noticed that Uranus and Noptuno form a 
twins,” very much as the earth and Yoims do, being almost alike 
in magnitude, density, and many other eharactoristies, 
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460. Satellite. — Neptune has oiio satellite, discovered by Neiituno’H 
Lassell witlun a month after tlie discovery of the planet 

itself. Its distance is about 228000 miles and its period 
Its orbit is inclined to the ecliptic at an angle of 84® 48' and it 
moyoa hachoard in it from east to west, like the satellites of 
Uranus. It is a very small object, not quite as bright as Oboron, 
the outer .satellite of Uranus. Bhoni its brightness, as ooinparod 
witli that of Neptune itself, its diameter i.s estimated ns about 
tlio same ns that of our own moon. 

461. The Sun as seen from Neptune. — At Neptune’s distance 
the sun has an apparent diameter of only a little more than one 
minute of arc, — about the diameter of Venus when nearest us, 
and too small to be seoii as a disk by the naked eye, if there lie 

eyes on Neptune. Tire light and heat there are only part Smiliglitou 

of what wo got at the (jartli. Still, V'^e must not imagine that 
the Neptunian sunlight is feeble as compared with starlight, 
or oven with moonlight. At the distance of Noptuno the sun 
gives a liglit nearly eqnal to 700 full moons, — about eighty 
times the light of a standard candle at one meter’s distance, — 
and is abundant for all visual purposes. In fact, as seen from 
Neptune, the sun would look very like a 1200 candlc-powor 
electrio are at a distance of only 1.2 or 18 feet. 

462. Ultra-Neptunian Planets. «— Perhaps tlio breaking down PossiWo 
of Ihule’s Law at Neptune may bo regarded as an indication 

that the solar system ends there, and that tliore is no remoter. Noptimo. 
planet ; hut of con use it does not make it certain. If suoli a 
planet of any magnitude exists, it is sure to be found sooner or 
Inter, either by moans of the disturbances it produces in the 
motion of Uranus and Noptuno, or else by the methods of the 
asteroid Inin ters, — although its slow motion will render its 
discovery in tluit way dinicult. Quite possibly it nmy oomo 
ill a few years as tlie result of the photogiupbie star-charting 
operations now in progress. 
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EXERCISES 

1. “WlKni phtpitur is visiLlfJ ii» tlio (sviiniiijr <l<) thi! sliailows oE Iiih Hultil* 
precsRcle or follow the satelliU's as they (O'oas tlio pliuiot’s (liakV 

2. On -whicl) limb, tlio t’a.storn or tlm wosUn'H, do Ui(( siib'lliti'H a]tHoar 
to outer upon tJic disk? 

3. "Whnfc probable ell'ocli would the groat mass of *Tupil:oi’ liavn iipciu 
tliQ size of animals inliabiting it, if tluu’o w<u'(i any? 

4. I low would sunlight upon Saturn onmpavo with s\mliglit on I lie 
earth? ITow with niooulight? 

5. What would be the giaailest (dongation of Lho earth from Ui« auii tis 
seen from Jupiter? from Saturn? from I'l'unus? 

6. What would be the appai'ont angular diuinoter of tlm oavth whuii 
trniisitlng' ” the sun ns soon from .Jupibu’? 

7. What is the rate in miles per hour at whieli a white spot on the 
equatoi’ of Jupiter, showing a rotation jieriod of iit'bO'**, woubl ])ass a dark 
spot indicating a period of Ot'orj'"? 

8. Find tbo diameter, volume, density, and suidaeo gravity of >ro|itmin, 

accepting Sc( 3 ’s measured diameter of tb(( plniiot, viz., taking the 

planeF.s niaH.H as 17 times tliat of the (Uirth, tlio solar parallax as K",80, 
and the moan distanoe of Neptune from tlui sun us llthOrif), 

{ 1)1 lime ter, 117200 in ilea, 
Yolunus 'll times the earth, 
Dimsity, (b‘12. 


CHAPTER XY 

METHODS OF DETERMINING THE PARALLAX AND 
DISTANCE OF THE SUN 

finiHn'tfiiu'o luul Dlflldiilly nf iho I’rnlduin — Hisloi'kftil — Clftsaincatinn ot Molliods 
— Geninoli'li'ftl MutlUKls — diniOHllUniH tif Jlurs nml Coi'lalii AstorotilK, ftiid 'L’vmi- 
hIIs of YomiH — Gmvltatiinjul MtdlitKlH 

463. In aonio rewpcMits tlio problem of tlie suu’h <listance is the 
mo.sfc fundiimoiitul of all that are encountered by tlie asfcrou- 
nnier. It is true that many iinporlaut astroiioinioal facts can 
h(! ascertained before it i.s solved ; for instance, by a method 
whicli has been giveii in iSec. 371, we can determine the rela- 
tiw distances of the planets and form a map of the solar system, 
correct in all its jiToimrtiom^ altliough the unit of measurement 
is still undetermined, — a maj) without any ^oaU of miles. But 
to give the map its use and moaning, wo must ascertain the 
scale, and until we do this we can have no true conception of 
the real dimen.sions, masses, and distances of the lieavoiily 
iKxlies as ( 5 nm])arort witli our torrostrial units of mas.s and dis- 
tiineo, Any error in tiro assumed value of the astronomical 
unit propagates itself pi’nportinnally through the whole system, 
not only solar but stellar. 

The dilliculty of the problem equals its importance. It is no 
easy matter, eon fined as we are to our little earth, to reach out 
into s):)aoe and stretch a tape-line to the sum In Secs. 173 and 
442 we have already given the two methods of determining the 
sun’s distance, which depend on our experimental knowledge 
of the Yolnoity of light. Tliey are slitiafactory and sufliciont 
for the purposes of the text. But metliod.s of this kind have 
become available only since 1841). 
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PfGviously fisti’onomoi’8 wore confined entirely to purely 
astronomical methods, clopendiiig oitlicr upon geoniutrieal inoiis- 
uremenb of the distance of one of the nearer planets whou 
favorably situated, or else upon certain gravitational relations 
wliioli connect the distance of the sun with some of the irregu- 
lar motions of the moon, or with the earth’s power of disturhing 
her neighboring planets, Venus and Mars. 

464, Historical. — Until nearly 1700 no even approximately 
accurate knowledge of the sun’s distance had been obtained. 
Up to the time of Tycho it was assumed on the aiitburity of 
Ptolemy, who rested on the authority of Ilipparoluis, who in 
liis turn depended upon an observation of Aristarchus (ori'oneous, 
though ingenious in its conception), that the sun’s liori/.nntiil 
parallax is 3',^ — a value more tlian twenty times too great. 

Kepler, from Tycho’s observations of Mars, HatisluHl biinaolf 
that tlm parallax certainly could not exceed 1', and was prob- 
ably much smaller; and at last, about 1070, Cassini also, by 
means of observations of Mars made siinultanoously in I'Taneo 
and South America, showed that the solar pavalhix could not 
exceed 10^^ 

The transits of Venus in 1761 and 1709 furnisliod data that 
proved it to lie between 8'^ and 9^^ and the distiussion of all the 
available observations, published by Knelco about 18 ‘24, gave ns 
a result 8'". 6776, corresponding to a distance of about 96 000 000 
miles. The aoouraey of this determination was, however, by no 
means commensurate with the length of the dooinml, and its 
error began to bo obvious about 18 6 0. Tt is now prnetically 
settled that the true value lies somewhere hetwoeu 8'^76 lutcl 
8".85, the sun’s mean distance being between 92 400000 and 
93 600000 miles. Indeed, it is now certain tluit tlio (iguro B'^8, 
adopted in the text, must be extremely near the trutli. 

The methods available for determining tlio distanco of tlio 
sun may be classified under tlireo heads, — yoomcifUal^ yrmnla* 
tionaly and The physical moiliods (by means of the 
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velocity'’ of liglit) liavo boon already discussed (Secs. 173 and 
442). We proceed to present briefly the principal methods that 
belong to the two other classes. 


GKOMETlllXlAL METHODS 


465. Tlui direol goonnitrical method of determining the sun’s 
distance and parallax (by observing the sun itself at stations 
widely separated on the earth, in the same way that the dis- 
tance of the moon is found — Sec. 190) i.s practically worthless, 
''.(.’he parallax of the aim being only 8".8, the inevitable errors of 
tlio best direct olworvation would be far too large a fraction 
of tlio quantity aouglit. Moreover, the sun, on account of the 
offeist of its heat upon an instrument, is a very un.sati.sfaotory 
objiiot to observe. 

Since, however, toe can covijnite at any time the distance of any 
planet from the earth in astronomical unitsy it will answer evoiy 
purpo.so to measure the distance in miles to any one of them, 

466. Observations of Mars. — When Mars comes nearest to 
the earth its distance from us can bo measured with reasonable 
aocuraoy in oiblior of two ways : 

(1) By observations from koo or more stations widely sepm'ated 
in latitude. 

(2) By observations of tlie planet from a single station near 
the equator when tlie planet is near its rising and setting. 

In the lirst case Oho observations may bo (a) meridian-circle. 
observations of the planet’s zenith-distance, exactly such as 
are used for getting the distance of the moon (Sec. 196); or 
(A) they may bo micrometer or lielionietcr measures of the diffor- 
ouoo of decliuatiou between tlie planet and stars near it; or, 
finally, (c) instead of measuring this distance directly photo- 
graphs may he taken and moasnred later. 

Since, however, tit least two different observers and two 
clilloront instruments are coueevned in the observations, tlio 
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IIJ 

JCN 111! s lilt' less ini.'^Uvin’lliy (liiiii (hosi) olitiihuMl liy ilm «(*con(l 
mrdtitil. 

467. ill tins im.sn n nlnmlo oliHorvor, hy nioiusuniig (IrosbiWiAa 
/it fhuut frr Set!. 7ii) till) u]i[)iirimt (listitin!^* hiitwiHin tU« pkiict 
iin«l Hiniill Hliiix iH'iu’ly iiinl wi’mI hI’ U- al tlui liiiuis 'whou tlio 
pliinrt is iii'iii' Mat lioi’i/.oii, tarn tlatcrniiiio ilH |ijn*- 
allux willi jLCi’t'iil manimtiy. 

ir»n illiiHlmlns llin priiutipla ilivolvtnl. 

Will'll (Iio itlwiirvai' lit // (ii point oil 01 ' iiHiu* tho 
I'lirtlik 0 (|Util<)i') Koos Iho pluiuit M juat rinhig, lio 
sidfH it at (t (a point oil tlio aoluHtial sphoro o((»i 
of <\ till) point Avliori! it would bo aotin .rroin 
(lu* innitor of till! oar til), tbo niiglo CJJA boiiig 
llio plniiot*H oiiuiitoriul hoi’i/oiital parallax. 

'I'wolvo lunu'H latoi’, wduni tho volution of tho 
oai'tli baa takon tho obsoi'Vor to H and tho plaiiot 
ia soi ling, las sons it at /<, dispbiood by pauallax 
just na iinu'h as liofoio, lint to tho wont of c, ite 
goooontvio }»lao(d lu othov worda, when tlid 
piano t in viaing (ho jiavallax. ittvmiHtm its right 
iiHi'oiiHion, and when Hotting dminiHlica it. 

Su]»poso, now, that for tbo mnniont tho orbital 
inoiltin of tho jdaiiot and (lio (Mirth aro auspomlocli 
tho [danot hoing at ojipoHition and a.a iioar tho 
oarih as poHsihlo. If, Ihon, whon tho phinofc ib 
riHUig wo inoitHui'o llio uj>(»arunt distaiico, -il/t*?. 
(b'ig. IdJ), from a Htar, -s', and twidvo Iioin-s lator nummiro it 
iigain. tho dlHtanoo (o ,1/,. will ho Iwirw. the homonlal parak 
Lv of //o' I'luiii’L 'I'bo oarth’H rotation will havo oarriocl thi^ 
idwurvor a long Joiinioy, traimporting him and Ihh instrumoiit, 
witlnnit diHturbanois oxpoiiHo, or troublo, to a (virtually) difToroiit: 

atiilhin HOIK) iniloH away. . ^ 

lu prtiolioo tbo obHorvationa, of oourno, oannot bo iniido at thO 
muniuiit wlion tho planot is oxaotly on ihn liorkon, but tlioy iir^; 
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kept up (luring the wliulo time while the planet is (srossiug the 
lieav(ms. Moreover, measures are made not from ouo star 
only, but from all that are in the planet’s neighborhood. Tho 
orbital motion, botli of tho planet and of the earth, during tho 
observations must also be allowed for; but this presents no 
serious diniculty. 

Tho most important application of this method was in 1877, 
at Ascension Island, by Gill (now Sir David Gill of tho Gape 
of Good Hope 01)servatory). Ho got for tho solar parallax 
8'^788 d: .015. ’Fho si/.o of the planet’s disk, its brigVitiiess, 


ir 


N 


and its “phase” (except at tho 
moment of opposition), however, 
interfere somcwliat with tlio pre- 
cision of tlio necessary measure- 
ments, and tho great difCereuco 
of brightness between it and tho 
stars makes it dilTicult to use 
phoioffraphy, 

468. Observations of Asteroids. 

— Tho asteroids do not present 
the same diflicultios in determin- 
ing their ap|)arent places among 
tho stars by beliomehu’ measures 
or photography, shuio tlmy them- 
selves are more starliko points. 

Although none of them (ex{joi)t 

Kros) come quite as near to the earth as Mars, stnmral of them 
come near enough to make it possible to obtain from tlmir 
observations results notably more satisfactory tliau those from 
Mars. 

'I'lio heliometer observations of Iris, Sappho, and Victoria, 
made by Gill at tho Capo of GchxI Hope in 188lM)l, in conoerb 
with sovoral otiier holiomotor observers in Europe and America, 
gave 8". 80 2 :b .006. In this ease, of course, the method used 
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Avas Jieitlier (1) noi’ (2) of See. 4G6 exohisively. TUo apparont 
(1 is placements of tlio planets, due Ijotli to tlio diatanco between 
tlie stations and to tlie motion of tlio stations on tlio winding 
earth, all eon tribute to the result, complicating tlic ealculatiou, 
but increasing its precision, 

Wo haye already spoken of the ease of Eros (Sec. 427). Tlio 
observations of 1900-01, largely photognipliic, ougH^ ivltcn they 
ha VO been thoroughly discussed, to give a result oven inoro pre- 
cise than that last ciuoted, In 1931, if the weather is gnqd for 
a feiv days at the critical time avIiou the planet is nearest, the 
opportunity will ho still more favorable. 

469 . Transits of Venus, — AVlion Venus is at or near inferior 
con junction her distance is less tlian that of Mars at opposi-- 
tion ) but she cannot be observed for parallax in tlio saino Avay, 
boo arise slio is tlien in the twilight, and little stars near lior 
cannot bo seen for use as reference points. Ncuv and tben, 
ho AV ever, sho passes betAveen us and tho sun and “ transits ” 
the disk, as explained in Sec. 405. Her distnuco from tho 

earth is then only 26 000000 miles, 
and her parallax is much greater 
than tliat of tho sun, Soon by two 
observers at difforont stations on tlie 
earth, she Avill tlierofore appear to bo 
projected on two different points of 
tho sun’s disk, and her aiipareiit angu- 
lar displacomoht oii tho sun’s surface 
Avill bo the dijfcreiiGe betwooii her 
oAvn parallactic displacement (coito- 
sponding to tho distance botAvoon the 
tAVO stations) and that of the sun itself. This relative disjrlnoc- 
ment is or 2,61, times as great as the displacomont of 
tho sun. 

To determine the solar parallax, then, by moans of tho tran- 
sit of Voniis, Ave must somehow measuro the apparent distance 
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in seconrh nf aro between two positions of Venus on tlie sun’s 
ilisk, as sev/n simultaneoudy from two widely distant stations 
of Icnown latitude and longitude on tlie earth’s surfaee. 

The nietliods earliest proposed and exeeuted depend upon 
observations of the instant of oontaat bo tween the planet and 
the sun’s limb. There are four of these eon tacts, as sliown in 
Fig, 156, the first and fourth external^ the second and third 
interncii. 

470. Halley’s Method, or the Method of Durations.' — Halley 
wa.s the lirst to notice, in l.bYO, tlio peculiar advantages of tlie 
transit of Venus as a moans for determining the distaneo of 
the sun, and ho proposed a method wliicb consists in simply 
observing the duration of the transit at stations clioson a.s far 
apart in latitude as possible. 

il'bis bad the groat advantage of not requiring tin aceiirato 
knowledge of the longitudes of the stations, wliicli in his time 
would have hoen very difficult to determine, nor did it reixuiro 
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any knowledge of the dhsolute., or Greenwioli, time of eouLaot. 
It is only necessary to Icnow the latitudes of tlio ohsorvcr.s 
and that their timepieces siiould run accurately during the short 
time (fiveorsix hours) while the planet is crossing tho sun’s disk. 
On tlie other hand, the stations in list ho in high latitudes, and 
the observer must see both hegimuiig and end of tho triiusLtj if 
ho loses oitlior on account of clouds, the method fails. 

Fig. 156 illustrates in a general way the principle involved : 
tho two ohservera at JC ami Ji see tho planet crossing tho sun’s 
disk on tho chords c\f and ao^ res})eotivoly, and from tlio duration 
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anti known mto of motion of tlio plaiiot tin' of dm (wo 

chords in seco 7 id 8 of aro can hu (;oni|>iitc(l W'idi morn mMimimy 
than it can he dotcrmiiiod l)y any inioronmttn* nmaani’i', [ii'ovithnl 
the instant of contact can lie accnratcly ohsorvod. lint, siiKU! llm 
angular semidianictcr of the sun i.s known, Urn disljinooM /oS' and 
cS of the two chorda from the tjentcr of tlio huh can Ik^ com- 
puted, and their difference, eh (all in aecoiulH of arc.), and llml 
with very great accunicy if the uliord.s fall, as tlaiy havti d(nm in 
all the transits yet observed, near the edgti of tlni HUn’s disk. 

But, since VJC and Ye aro in the proportion of «77 to 7 lid, 
eh (in niile.s) is of /iVy, provided the two st a lions a in so 
chosen that the lino MB is jjerpeiHlitaihu' to tin? plane of (he 
Xdnnet’s orbit (if not, duo allowance must, and (san, be made to 
got the “ effective length” of MB), 

We have, then, eh, both in seconds and in miles; wo lunnv, 
therefore, how many miles go to one sot! end of ai‘e at the sun's 
distance. It oomes out about 450, and tliurefore (See. 10, eh 
taking the place of r) the sun’s distniau^ is about ‘InO miles X 
206266, or 92 800000 miles. 

For details of the methods of accurate ealeiilatinn from the 
actual observations, the reader must be referred to works deal- 
ing with the special subject. 

Halley expected to depend mainly on the Uvo internal (um- 
tacts, which lie supposed could he observed with an error not 
exceeding a single second of time. If so, the observathuis 
would determine the sun’s parallax within ^ of its true value. 

Unfortunately, this aceuraey is not found praotieable. 'i'luu’d 
aro usually largo errors caused by the imperfection of (lie telc^ 
scope and eye of the observer, as well m atmosidierie eondi- 
tions. And even if these are avoided, the atmoaplioro of the 
planet introduces a dimotilty that cannot bo evaded; it pro- 
duces a luminous ring around the edge of (,ho planet (See. 401, 
Fig. 187), which prevents any certainty as to the prooise moment 
when the idanet’s disk is tangent to the limb of the Him. 1‘I 
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cjiutact observation!:? during tlio last two triinsits in 1874 and 
1882 were uneortaiu, under tlic very best conditions, by at least 
iivo or six seconds. 

471. Delisle’s Method, — Halley’s method requires stations in Boiisio’s 
liigh latitudes, uncomfortable and bard to reach, and so chosen 
that both the l)eginning' and end can he seen. And both munt tioiiHof 
bo seen or the method fails. ubsjiUiio 

Delisle’s method, on the other hand, employs paiivs of stations oouta«tfmm 
near the eqnalo}\ hut as nearly as possible on opposite side.s of cq«nti>vi(ii 
the earth, and it does not re{iuirG that the observer should see ^Uioiy” 
both tlu) beginning' and end of the transit, •—•observations of Hoimmicd. 
either phase ean bo utilized for their full value, which is a great 



advantage, — but it requires that the longiiuihs of the stations 
Hhouhl bo known with extreme prooision, since tlie method oon- 
Bists OHHontially in observing the ahsolute time of contact {i.e,^ 
Greonwicli or Paris time at both stations). It is beautifully 
Bimple and easy to understand. 

An observer at JC on the 0 (iuator (big, 157) on one side of 
the earth notes tiio moment of internal contact in (Treenwich 
time, the planet being tlien at /\; when II', on the other side of 
the earth, notes the eon tact (also in (Ireeuwieh time) tiie planet 
will bo at llj, and the angle is tlie earth’s apparent 

dinmoter as seen from the sun, i.e., iwiee the 8tm’« horizontal ThooroUwii 
parallax (Sec. 78), Now the angle at ./> is at once doterminod 
by the time occupied by Venn.s in moving from l\ to l\. It is 
Himply,?w«i tha same fraction of oOty that lids elapsed time is of 
the ])lanet’s synodic po’iod. If, for exainide, tlie 
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difference of time were eleven and a lialf minutes between tlie 
contact as observed at JC and IF, we sliould find the angle at J) 
to bo about IT'*'.?. 

From all the oontaot observations^ several luiiidred in number, 
made during the transits of 1874 and 1882, Newcomb gets a 
solar parallax of 8'',794 ± .018, 

472. Heliometric and Photographic Observations. — Instead of 
observing merely the four contacts and leaving the ro.st of tbo 
transit unutilised, wo may either keep up a continued soi’ie.s of 
ineasnrem Gilts of tlie planet’s po,sition upon the sun’s dislc witli 
a heliometer, or we may take a series of pliotograplis to bo 
measured up at leisure. Sucli helinineter mGa.sui’cs or iiboto- 
graphs, taken in connection witli tlie recorded Greenwich times 
at which they ivere made, furnish the means of determining 
just where the iilanet appeared to ho on. the sun’s disk at any 
given moment, as seen from the observer’s station. A compari- 
son of tlieso positions with those simultauoouvsly occupied by 
tho planet, as seen from another station, gives at onoo the means 
of deducing the parallax. 

In 1874 and 1882 several hundred hcliomoter measures wore 
made (mostly by German parties), and about six thousand 
photographs were obtained at stations in all quarters of tlie 
ear til where the transits could be seen, •— more than two thou- 
sand by the ■ dif Cerent American parties. The final result of 
all these observations is given by Newcomb as 8", 857 ± .028, — 
differing to an unexpooted degree from tlio Hgures given by 
other methods, and seriously discordant among themselves, as 
shown by the large probable error. 

It loolfs ns if measurements of this sort iniwfc bo vitiated by some con- 
stant source of error as yet undo tec tod. 

On the "wholo, tlie outcome of tlio two transits lias boon to satisfy 
nstroiiomors that otliov methods of determining the sun’s parallax are to 
bo preferred, as Loverrior maintained in 1870. It is hardly likely that 
transits will ever again bo observed so olaboratoly and expensively. 
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473. Gravitational Methods. — The scopo of our work makes (iravitn- 
ifc impossible to give any more than a very elementary oxplana- 
fciou of the principles involved, since tlio details of investiga- 
tion belong to ahiglier range. Of the different methods of this 
class wo mention two only; 

(1) By the moon’s meqitalit^y so called because by nypami- 

ib the sun’s parallax can bo determined. ‘ lactiuin- 

It depends upon the fact that the sun’s disturbing effect upon tJJo 
tho moon is sensibly greater in the half of the moon’s orbit 
nearest tho sun (La., the (quarter on each side of now moon) than 
it is in the remoter half; and the difference depends upon the 
7'aiio between the radius of the moon^s orbit around the earth to that 
of the earth's orbit aroxind the sun. If that ratio can be deter- 
mined, the ra<Uus of tho oartli’s ori)it comes out in terms of tho 
distance of the moon from tho eartli, wliich is accurately known. 

As a conso(pionco of this dilforonce of tho sun’s disturbing 
forco on tho two halves of tho orbit, tlie moon at tho ond of tho 
first (piartor is about two mimitcs of avre (120") behind the 
place she would occupy if there were no such incupiality in 
tho disturbing forco. At the tliird quarter (a week after full 
moon) .she is as much ahead. 

If tho moon’s place could he oha(!i'v<5d as accurately us tliat of a star, 
this method would stand extremely hij^li for pr«(cisiou ; InU; tlie ohsorva- 
tioiial didicnltios are serimis, and tlm dUrnnilty is much increased hy tho 
fact that at tho first (puirter wo are ohliged to ohsorve llie nwstmi limb of 
thu moon, and at th() third the easimu Htill, the result o))tained from it 
agi’ces very well witli tliat from the other metliods. 


474. (2) '^rho Hooond method is hy the perturbations produced By poviur- 
by the earth on tho orbits of Venus and Mars (and we may now 
add lilros), '^I’he method depends upon the principle that tho tlieoariii. 
amount of these jiertnrbations depends upon tho ratio of tho 
mass of the earth (ineluding the moon) to that of the sun; anil, 
further, tliat when this ratio of masses is known the distance 


of tho sun follows at once from a simple eipiation, easily dedneod. 
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From See. 381., oquivtioii {!), wo luivo, cliuiiging a fiiw lotter« 
(putting {S + JC) ini' ( J/ -t- m) and J> i’or t)^ 


(A' + = 


4 


a /j:i 
- X 


7'" ' 


in wliicli A and JC are tlio masses of tlui sun and earth, G is tlm 
constant of gravitation, 1) is tlio moan distaiuio of tho eiivlU 
from tlio sun, and T tho number of seconds in a year. 

Also, for tho force of gravity at tho earth’s Hiirface, we have 

^ = G wlienco 1C ~ ^ x r being tho radius of tho eavtli. 

Dividing the preceding equation by this, wo got 


whence. 


A _ 45 ^ 

~~/C f/r^\r^ )' 


1C 


nr- 


If we put “ =6 1/, this becomes in which 

1C \ 4 7r'‘ ) 

everything is known if M. is determined, // being given by pon- 

dulum observations and f by moasuroinonts of tho earth’s 

dimensions, while T is the length of tho sidereal, year in seconds. 

The matter can also ho treated difforoiitly, bringing out tlio 

sun’s distance in terms of the distiinan and I'leriod of tha moony 

instead of g and r. 

The great beauty of the gravitational inothod lies in this, — 
tliat as time goes on and tho effects of tlui earth upon tho nodes 
and apsides of the neighboring orbits accumulato, tho doteriniim- 
tion of the earth’s mass in terms of tho sun’s becomes ocmtinnally 
and cumulatively more precise, hi von at present the method 
ranks high for accuracy, — so high tiuit Lovorrior, who fii'Sfc 
developed it, would, as already mentioned, have nothing to do 
with the tr ansi t'Of- Venus observations in 1874, doolariiig that 
all such old-fashioned ways are absolutely valueless. By tluH 
metliod Newcomb deduces a [lavalbix of 8'^708 ± 0".010. 
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475. U is to be noticed that the ffeomatriml methods gh'o 
the parallax of the .sun dire tidy ^ apart from all hypotiiesis or 
assumption, except us to tlio accuracy of the obsorvatLons thmu- 
selves, and of tiicir necessary corrections for refractiouj etc. The 
yravitational method.s, on tho otlior hand, nssuiuo the exactness 
of tlie law of gravitation ; and tho lyliysiml method (by the 
velocity of light) assumes that light travels in space witli tho 
same velocity as in our terrestrial experiments, aftei* allowing 
for tho retardation due to tho refracting power of tho air. Tho 
near accordance of the results o))taiiuMl by tho different methods 
.shows that tlioso assumptions must bo v(;ry nearly correct, thougli 
perhaps not absolutely so. 

We add a little table giving tho distance of tho sun corre- 
sponding to different values of tho solar parallax, assuming the 
equatorial radius of tlio eartli to bo 39(i3.8 miles. 

8".7r) corroHpoiida to Si!5.')7!i equatorial radii of tlio earth = Ih) 428000 miles. 
8".80 « 2:M!h) « « “ •< « = 02 807000 “ 

8".8r) » “ 25):}07 “ “ » “ = 02 872000 “ 

Noweomh, in his AHronomie.al Qomtants (1896) adopts S'\707 
^0’K007 us the value of tlie solar parallax to bo used in tho 
planetary tables of the American ophemeris. 

He also gives Uie following as the results dcs’ivcd by tlio various niothods 
iifte.r makiny alloiruure /or prohn/ife aystrmaiu: eiTors, aiul assigns to oncll 
result tlio weiglit indioated by tlio iiuinher that follows it. 


Afolum of the Node of 

H''.70«, 

10 

(lill'x Ohm'vuliom of Afnrs (1.877) 

8 

.780, 

1 

J^idkowa Conshtnl of Aherridiun (2(1".‘11I2) . , . 

8 

.7 118, 

40 

('onKiol OhaervtUumit of Truonil of IVuim . , , . 

H 

.704, 

» 

Ifaliomeler Ohnervadons of VUdnrm md Sappho . , 

« 

.700, 

r> 

P(t)‘(dUivlio InefpuUity of Ihe Moon 

8 

.701, 

10 

Mmelkmeom Delermiimlionii «/' Abunvlion (20''', 4(18) 

8 

.80(1, 

10 

Lunar Jneyiudily of Ihe Enrlh 

8 

.818, 

1 

Measures of Venus in Transit 

8 

.H.')7, 

1 


Harknoss, in his tSolar Parallax and Us lielaUtd Oomtanls 
(1891), obtained as Ids final value 8".809 0".000. 


A(!(5ordaui>u 
of results 
ohtalticd by 
tlio (UlToreiit 
Uiotliods. 


nisi ail eo of 

HUH norru. 
spniiiUiig U) 
clifToroiit 
values of (lia 
piiraJIri.Y. 


Noweouib’s 
mimmary 
of paralliix 
roHuUs. 



CHAPTJOH XVI 


CJonoral 
atiiioamiico 
oC coinota. 


Thqlr 

munbor. 


COMETS 

Thoii’ Numbflv, Designation, and Oebits-— Tlieir CoMKtlluoiit Parts niid Appoamiico— 

Tlioir Spoctm—Piiysical Constitution and Doliavlor — Daiigor froni Coniots 

476, The comets are bodies very different from the stars and 
planets. They appear from time to time in the lioavens, remain 
visible for some weeks or moiitlis, pursue a long'or or .shorter 
path, and tlxen fade away in the distaneo. Tliey are called 
eoifiiets (from coma^ ie.y “ hair ”), because when one of thoni is 
bright enough to he seen by tiio naked eye it looks lilco a star 
.surrounded by a luminous fog and usually carries with it a 
long stream of hazy liglit. 

Large comets are magniricent objoehs, sometimes ns briglit 
as Venus and visible by day, with a dazzling nucleus and a 
nebulous head as largo as tlxe moon, accompanied h}'- a train 
which extends half-way from tlxe horizon to the zenith, and 
sometimes is I’eally long eixough to roacli from the earth to the 
sun, Such are rare, however ; the xixajority are faint wisps of 
liglxt, visible only with the telescope. 

Fig. l68 is a ropi’esentatioii of Donati’s comet of 1858, one 
of the finest over seoix. 

In ancient Uinea comets wore always regnrtlod with ton*or, citlior ns 
aotanlly exerting malignant influences, or at least ominous of »vil, and tho 
notion still survives in cortaiji quarters, aUhoUgli tlio moat oarofnl roaenreli 
fails to show, or even suggeat, the sliglitost reason for it. 

477, Number of Comets, — Thus far, up to tho beginning of 
tho UGAV century, our lists coixtain neairly hundred^ about 
foux? hundred of which were observed bufox’o tho invention of 
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the teleacopo in 1609, and therefore miiat Iiave been bright. Of 
those observed since then, only a small proportion have been 



Fia, 168, — N[iko(l-13yo VioM’ of Doimtl’s Comol, Got. <1, 1868 
IJoiid 


conspicuoiia to the naked eye, — ^ perhaps one in five. During 
the first half of the present century there were nine of tliis 
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rank, and in the last half four, live of whudi wt'i'o notahlo. 
The last really brilliant comet appeared in 188*2. 

Since then there have been four or iiv(} that (u>uld he Mcen 
without a telescope, but only one bright enough to attrmst the 
notice of the casual observer, — Uordanuds lioinot of 181)8. In 

August, 1881, for a few days two ({onsphiuous eoniota- juie 

raagnifleent one, ami the otiier more than ruNpectahle — siuiiu) 
together in the northern heavens not very far apart, a thing 
almost, if not quite, unprceedented. 

The total number tliut visit the solar systenn nmst he eiun** 
mous, since, although even with the telescope we (uui stsi only 
the comparatively few which come )iear the earth anti art? favor- 
ably situated for ol)sorvation, yet not infretiueiilly from live to 
eight are discovered in a single year (ten in 181)8); luul there 
is seldom a day when one is not present some where in the sky : 
often there are several. 

478, Designation of Comets. — A remarkahlo emiud gtnmr- 
ally hears the name of its discoverer or of some one who lias 
acquired its “ownership," so to speak, by soinu iuqtortant 
research respecting it. Thus, we have Halley’s, Kiudce’s, and 
Donati’s oomots. The common herd are distinguislusl onl}' 
by the year of discovery, with a letter indieuting the order (»f 
dimvery in that year, as comet «, ft, o, 1895 ; or, still again, by 
the year, with a Homan numeral denoting the order of perihelion 
passage. Thus, Donati’s comet, which is “ eomet /, 1858," is 
also “ eomet 1858-YT," and this is the more sei( 3 ntilh 5 designa- 
tion, and is generally used in eattilogues of eomets. 

Comet a is not, however, always comet 1, for eomot ft may 
outrun it in reaching the perihelion, and it often luqjpens tlist 
a comets perihelion passage does not oceiiv in the same yeai‘ 
as its discovery. 

In some eases a comet bears a double name, as, for iuslanue, 
the Pons-Brooks comet, which was ilrst discovered by Pons in 
1812, and on its return in 1888, by Brooks. 
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479. Discovery of Comets. — As a rule, tli(!.se bodies are lirst Their 
found by coinot liimters, who iniiko a business of searching: for 
thorn. For this purpose they usxTally oiuploy a telescope known 
ns a “ comet-seeker/’ carrying an oyexhece of low power, with a 
largo field of view. AVhen first seen a comet is usually a mere 
roundish patch of faintly luininous cloud, which, if rejilly a 
comet, will reveal its true cliaraeter within an hour or two by 
its motion. 

.SimHi nliHcrvors Imvn foniid a great iuiiuIku' (d tliPfxi bofliofi. Mosskir 
diHcovanal tliirt(iOJi bfitwcaa 1.700 lual 170S, mul Pons twmity-suvGn betwucu 

1800 ami 18!i7. hi this aomitry Bvoalcs, hanmi'jl, ami Swift have been 
especially Huccitssful, Tfc occasimmlly happens, liowevoi'i as with Iloluies’ 
oomefc of 180‘i, ami llonlanm’s cmiiet of 1808, that a comet is picked np ' 
with the nuked eye l)y .soims one not an asLn))iomer at all. 

Recently three have been disco venal by pholograpliy, the first by Bar- 
naril at the hick Observatory in l8(hJ, the second by Chase in 1808 while 
trying to xihotograxdi Noveinbin’ meteor, s, and the third by Coddingtou in 
l.SflO, also at the hick Observatory. 

480, Duration of Visibility, and Brightness. — The comet of Duration of 
1811 was observed for seventeen months; the great comet of • 

1801 for a year; and comet 1889-1 was followed at the Lick 
Observatory :for nearly two years, — the longest period of visi- 
bility yet recorded. On the other hand, the comet is some- 
times visible only a week or two, and twice a comet near tlie 
sun has boon xdiotograxdied during a total eelipso, — never seen 
before or after the two minutes of totality. The average du ra- 
tion of visibility is probably not far from three months. 

As to highiness^ comets cliff or widely. About one in four or Tiioir 
five reaches the naked-eye limit at some point in its orbit, and a 
very few, say two or three in a century, are bright enongli to he 
seen in the daytime. The oomets of 1843 and 1882 were tlie 
lust so observed. 
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TIIMll omUM’S 

491 . The icletis ol llio anoionlM as to ihti inoiioiift of Uicro 
bodies were very vugne. Aristotle and ids stsliot)! ta inside rod 
them to ho merely exhalations from the (iiirtli, inllanied in tlm 
upper air, and therefore metcorologieiil hodit'S, and not astro- 
nomical at alh Seneca, indeed, held it more eovrent opiui(n}, 
but it was shared by few; and Ptolemy fails to reiiognize them 
as lioavenly bodies in his Alma<je8l, 

'Tycho was the first to ostahlish tlieir rank as truly eclos- 
tial,” hy comparing the ohsorvations of tlie comet of '1 677, nnido 
in different parts of Kuropo, and showing that its ptuulUix was 
lessi and its distance greater, than that of tlm moon. 

Kepler supposed that they moved in straight linos and seonia 
to have been more than half disposed to eonsidor them us living 
beings, traveling through space witii will and inirposo, “like 
fishes ill the sea,’' 

Hevelius in 1676 was the first to suggest tliat their orbiU 
might be parabolas, and his pupil Doerfel pi’oved tliis to ho Lim 
case in 1681 for the comet of tliat year. Tlie theory of gravi- 
tation had now appeared, and Newton soon workttd out and 
published a method hy which the eUmioiUs of a cumut’s orliit 
can he determined from the ohservations. 

483. Relative Numbers of Parabolic, Elliptical, ami Hyperbolic 
Orbits — A large majority move in orbits that are soimihly purah^ 
olas. Out of nearly four hundred orbits computed uji to 1901, 
more than three hundred arc of tliis kind. About eighty-livo 
are more or less distinotly clliptioul, and nlmul linlf a doxeu 
seem to be KypcvholdB^ hut hyporhohis dilTei'ing so slightly fnun 
the parabola that the liyperholio oharueter is not i'oHuui in a 
single one of the oases. 

Comets which liave ollipUoal orbits of coursu veturii, if 
undisturbed, at regular iutervals ; the others vieit Um sun 
only once, and never come hack. 
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Tlio (liOiciilty of determining whether a partictiliir comet is Dimoulty of 
tn* is not periodic is nnicli increased by the fact that comets 

1 I • 1 • '' 1 ‘ 1 comet 

liavo no cliaractoristic “personal appearance, so to speak, by when It 
whicli a given individual can bo recognized whenever seen, - — ‘‘ctuvna. 
as tfiipitcr or Saturn could be, for instance. It is necessary to 
depend almost entirely upon the elements of its orbit for the 



Fm. inSK— -Tlio 0 ]<mo Coinciiloiico (if UilToront Species of Conjotary Orbits 
witliiii the Fnrth’s Orbit 


recognition of a returning comet, and tliis is not always satis- 
factory, since tlioro are a number of oases in which several 
distinot comets move in orbits almost identical. (See Sec. 487.) 


483, Elements of a Comet’s Orbit, — As in the case of a Momonta of 


planet, i/i?ve perfect observations of a comet’s place are theo- j.. 

retioally sufllciont to dotorinino its entire orbit, Practidally, mluod by 
liOAvovor, it is not possible to observe a comet with anything 
like the acouraoy of a planet (on account of its indefinite out- vaUons. 


lino), nor usually with suHioient oxtictnes,s to deternliiie positively 
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Jfrom a small number of observations whether the orbit is or 
is not parabolic. 

UMie 7 ;Za«e of the orbit and its perihelion distance can, in most 
cases, be fairly settled without any dilliculty; but the eccen- 
tricity and the major axis, with its corresponding require 

a long series of observations for their determination and are 
seldom ascertained with much precision from a single appear- 
ance of the Gomet. In that part of the comet’s path Avhich can 
be observed from the earth the three kinds of orbits usually 
diyorge but little ; indeed, they may almost coincide (as shown 
in Fig. 169). 

For a ’paraholiG orbit tlie elements to be computed are only 
five in number, instead of seven, as in the case of an ellipse. 
The semi-major axis and period (which are infinite) drop out, 
as does tlie eccentricity^ wlxioli is necessarily unity. To define 
the size of the orbit tlie perihelion distance, takes the place 
of the semi-major axis. 

For the parabolic olements we have, therefoi’e, (1) y), peri- 
helion distance, (2) z, inclination of the orbit to the ecliptic, 
(8) the longitude of the ascending node, (4) w, angle 
between line of nodes and periliolioii, (6) 1\ date of perihelion 
passage. 


It must 1)1) divStinctly xmdor.stood, moreover, that orbltH wliioli ai'ti 
“Honsibly” parabolic are aeldoiii, if ever, strictly so, — the ehaiices are 
infinity to one against an exact parabola. If a comtit were moving at any 
time in such a curve, ibo sligbbi.st retardation due to the disturbing .force 
of any jianet would change this parabola into an ellipse, and the slightest 
acceleration would inakt) aji hyperbola of it, 


MlT(!(!U)f It should ho Jioted also that if a comet’s orbit is nearly para- 
colors*^” bolic, a very slight change in the velocity of the comet’s motion 
voiocity iipan udll causG ail enormous change in the computed major axis and 
major axi.^ period. This is obvious from the equation (See. 820) 

imil period In ^ a \ / 

:’ajios of 
m'ljIUnwiiIy 
[jai*nl»oli((. 


r 

a == rr 


ir2 


2\(P- }"^ 
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Wlion r nearly c(iuals IJ (iis must bo tlio case if tbo orbit is 
nearly a parabola) tbo tlcuoininator will b(} (sxtromoly small, 
and a very trilling change in V will make a great pv.raGntaife of 
change in the (Ufferenoe between U'^ and V\ ami will altect «, 
the Komi-inajor axis, aceordingly. 

484, The Elliptic Comets.' — The first comet ascertained to 
move in an elliptical orbit was that known as Halley’s, wliieli 
has a period of about seventy-six years, its periodicity having 
been diseovonal by Hal- 
ley in 1081. 1 1 lias since 
boon observed in 1759 
and 1885 and is due 
again about 1911. 

Tlio second of the 
periodic cemota in order 
of discovery is Eneke’s, 
with tbo shortest period 
known, less than thrim 
and one-half years, Its 
periodicity was discov- 
ered in 1819. 

About a dozen ol! the 
comets to wbioh eoiupu- 
tation assigns e Ui p ti (j ( :(>nnii.» 

orbits have periods so 

long^ — near or exceeding one thousand years — that Uieir veal 
character is still rather doulitfnb About seventy-live, however, 
have orbits wbioh are distimjtly and certainly (sllipticiil, and 
about sixty of them have periods <jf loss than one linndrod 
years. About twenty have been actually observed at two or 
more returns to perihelion; as to tbo rest of the sixty, several 
are now expected within a few years, and many have prob- 
ably be, on lost to observation, either from disintegration, like 
Biela’s comet (soon to bo disouKsed), or by having their orbits 
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traiisformecl. by portiirbations, so that they no longer come 
within the range of observation. 

Fig. 160 shows the orbits of five of the short-period comets 
(as many as can be shown without confusion) and also a part 
of tlie orbit of Halley’s comet. These five particular comets, 
and about twenty-five more, all have periods ranging from three 
and oiie-lialf to eight years, and tliey all pass very near the 
orbit of Jupiter. Moreover, each comet’s orbit crosses that of 
Jupiter near one of its nodes^ marked by a short cross line on 
the comet’s orbit. The faot is extremely significant, shoAving 
that these comets at times come veiy near to Jujjiter, and it 
points to an almost certain connection betAveen that planet and 
these bodies. 

485. Comet-Families ; Origin of Periodic Comets. — It is clear, 
as has been said, that the comets Avhich move in parabolic orbits 
cannot Avell have originated Avithiii the limits of the solar system, 
but must have come from a great distance. As to those which 
move in elliptical orbits, it is a question Avhether avo are to 
regard them as native to the system or only as “naturalized,” 
or perhaps mere sojourners for a time ; but it is evident that in 
some Avay many of them stand in j^eculiar relations to Jupiter 
and to otlier planets. 

Tiio short-period comets, those Avhicli have periods ranging 
from three to eight years, are noAV recognized and spoken of as 
Jupiter’s of oomeU. About tliirty are known already, of 
Avhich fifteen have been observed tAvice or of toner, ■ — ^somo of 
them a dozen times. Similarly, Saturn is credited Mdth tAvo 
ooniets ; Uranus Avith two, one of which is Tempel’s comet, 
closely connected Avitli the November meteors and due to ajipear 
in 1900, but not seen, Finally, Neptune has a family of six j 
among them Halley’s comet, and two others Avhicli have returned 
n second time to perihelion since 1880. 

486. The Capture Theory. — The now generally accepted expla- 
nation as to the origin of these Qometfmnilm was first suggested 
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by LaplacO) viz., that tliG comots wliich composo thoni Iiavu been 
“captured” by the planet to whioh they stand related. 

A comet entering the system in a parabolic orbit and pas.s- 
iiig near the planet will be disturbed and either accelerated or 
retarded. If it is accelerated, then according to eqiration (4) 
(.Sec. 320), the major axis will become iiegatlve, the orbit will 
bo changed to an hyperbola, and the comet will never be seen 
again, but if the comet is reiardeclf the semi-major axis will 
become finite and tlie orbit will bo made elUjMoaly so that the 
comet will return at each rovolivtion to the place wliere it was 
first disturbed ; it will become a 'perioclia oomet^ with ita orbit 
passing near to tho orbit of the disturbing planet. 

It will not, however, as students sometimes imagino, revolve 
around its capturor like a satellite. Tho focus of its new and 
diminished orbit still remains at tho sun. 

But tliis is not all. After a certain time tho planet and tho 
coniot will bo sure to come together again at or iiear tins place. 
The result then may be an acceleration which will enlarge tho 
comet’s orbit, or oven transform it to a parabola or hyperbola j 
but it is Jill oven chance at least that tho result may be a retardor 
tion and that the orbit and period may thus bo further dimin- 
isliod. Tliis may happen over and over again, niitil the planet’s 
orbit falls so far inside that of tho iilanet that it suffers no 
further disturbance to speak of. 

(livGii time enough and comets enough, tlio ultimato result 
would necessarily he such a comet family as really exists. It 
is noi permanent^ however; sooner or later, if a captured comet 
is not first disintegrated, it will almost certainly encountor its 
planet uiulor snob conditions as to bo thrown out of the system, 

A recent investigation, however, by Callandreau, upon tho 
disintegration of comets by tho action of tho sun and tho 
iDlauet Jupiter, shows that tho limit of distanoo at whioh suoh 
an effect is possible is quite oonsidorablo, and that the breaking 
up of a comet ought not to ho very unusual, Ho suggoata that 
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the number of the comets of Jupiter’s family has probably thus 
been largely increased by the dhasion of single comets into 
several, — a suggestion which greatly relieves very serious 
objections that have been urged against the capture theory, 

487. Comet-Groups. — There are several instances in whioh a 
number of comets, certainly distinct, chase each other along 
almost exactly the same path, at an interval usually of a few 
months or years, though they sometimes appear simultaneously. 
The most remarhable of these comet-groups is that composed 
of the great comets of 1668, 1843, 1882, and 1887. These 
have all come in from tire direction (nearly) of Sirius and have 
receded nearly on that line, passing close around the sun and 
actually through the corona. As Professor Comstock has pointed 
out, they are all of them, if their computed orbits can he trusted, 
now (1902) bunched together in a space hardly bigger than the 
sun, at a distance of about 160 radii of our orbit, and are moving 
aAvay together very slowly. 

It is, of course, nearly certain that the comets of such a group 
have a common origin, perhaps from the disruption of a single 
comet by the attraotion of the sun or a planet, in accordance 
with the suggestion of Callandreau Just mentioned. 

The distinction between aamet-families and comet-jf/rowjjs 
must be carefully noted : in the former the orbits agree only in 
passing close to that of the capturing planet; in the latter' tlio 
orbits are nearl}’' identical, at least in the part near the sun. 

488, Perihelion Distance, etc. — Tlie perihelion distances of 
comets differ greatly. Eight of the 800 computed orbits 
approacli the sun within less than 0 000000 miles, and four 
iiave a perihelion distance exceeding 200 000000. A single 
comet, that of 1729, had a perihelion distance of more than 
four astronomical units, or 375 000000 miles; this is one of the 
half dozen possibly hyperbolic comets, and must have been an 
enormous one to be visible at such a distance. There may, 
of course, ho any number of comets with still greater perihelion 
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distivncos, bcoauso, as a rule, wo aro able to aeo only sucb aa 
come reasonably near to the earth’s orbit, ^ — probaVjly but a 
small perccntago of the total iiumV)or that visit the sun. It 
has been computed that something like six thousand come 
witliin the orbit of Jupiter every year. 

The inoUudtions of cometary orbits range all the way from luiilhmtion 
zero to 1)0°, but moat of the short-poriod comets have orbits 
of small inclination, as might Iks expected, since such cotnots 
would bo much more likely to suffer capture than those that 
cross the planes of the planetary orbits at a high angle. 

As regards the direeiion of motion^ the six hyperbolic cometa DivcnUon of 
and all tlie elliptical eewnota having periods of less than one 
hundred years move direct^ excepting only llalley’a comet and 
Tompel’s comet of 18(36 , The rest show no decided prepouder- 
ance either way. 

489. Comets are Visitors# — The fact that the orbits of moat Comeianro 
comets aro sensildy imraholio, and that their planes have no evi- 
(lent relation to the ecliptic, apparently indicates (thongh it docs Bystom. 
not absolutely demonatrato) tliat those bodies do nob in any 
proper sense belong to the solar system. They come to us with 
just the velocity they would have if falling towards the sun 
from an enormous distance, and they loa^^o the system with a 
velocity which, if no force but the sun’s attraction acta upon 
them, will (uirry tbcin away to an infinite distance, or until they 
encounter the attraction of some other sun. 


Their motions are jitst what might bo expected of ponderable 
massoH moving in empty space between the stars under the law 
of gravitation. 


'i’liero are dinicnltics with tb(i theory that the comets (}omo to DiiDciiliy 
us from .space mnontj the. siars, cliiefly depending upon the now 
certain fact that the solar Hy,sbom is traveling at the rate of thoyconi« 


several miles a so6ond (Sec. 648) and that, thoroforo, comets 

' , , 1 .. I’OglOllB. 

composed of mattol* 'met by us ought to luivo a relative votooiby, 


with respect to the aun, so great as to produce numerous 



434 


MANUAL 01? ASTRONOMY 


Tho homo 
o£ tho 
comots. 


PocMllar 
hohavior of 
Enoko’s 
coraot. 


Parntloxloal 
itiorodMo of 

Bp 00(1 H3 

roBiilk of 
rosistanoo. 


hyperbolic, orbits, whereas we find few snob, if any. Then, too, 
there ought to be a marked concentration of tlic axes of cometary 
orbits near the direction towards which the sun is moving. 

While the investigations of the late Professor Newton of 
New Haven partially relieve the difficulty, astronomers still 
feel it; and many are disposed to think that onr solar system, 
in its journey through space, is accompanied by far-distant, 
outlying clouds of nebulous matter, which are the source and 
original home of the comets,” to borrow Professor Peirce’s 
expression, 

490. Acceleration of Encke’s Comet. — With one remarkable 
exception, the motions of comets appear to be just what would 
be expected of masses moving in free space under the law of 
gravitation. The single exception is in the case of Enoko’s 
comet, which, since its first discovery in the last century (its 
periodicity was not discovered until 1819), has been continu- 
ally quickening its speed and shortening its period. In 1819 
its period was 1205 days. Between 1820 and 1860 each suc- 
cessive period shortened about two and one-half hours; from 
1860 to 1870 the shortening was only one and three-fonrths 
hours to eaoh revolution, and since then it has increased to 
about two hours. Tlie period at present is about fifty-four 
hours shorter than in 1819, and the mean distance from the 
sun is nearly a quai'fcor of a million of miles less than then. 

No perturbations by any known body will account for sneh 
an acceleration, and thus far no reasonable explanation has boon 
suggested as even possible, except that something cncountored 
in. its motion through interstellar space retards the comet, just 
as air retards a rifle bullet. 

At first sight it seems almost paradoxical that a resistance 
should accelerate a comet’s speed, but referring to See. 820 we 
see that any diminution of the velocity will also diminish tho 
semi-major axis, This will reduce the period, which is propor- 
tional to ■'•/id, hy a greater percentage tlnm it will reduce tho 
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ciroumferenoe of the orbit, which io simply proportional to a ; as 
a conscquonco there will bo an increase of velocity nhove what 
the comet, had in tlie larger orbit. A oomet gains more speed 
hy falliny neare)' to the sun than it loses by the direct effect of 
the resistanoe. If this action continues without cessation, the 
ultimate result must bo a spiral winding inward until the comet 
strikes the surface of the sun. 

When Uiin peonliar behavior was Av«t dlscovored by Fuicke it wis 
ascribed to t))e action of a resisting inediiun and iiddnced ns proof of 
tiio existence of the “ hnniniferous etluir." hut since no othor cometa 
oxliibit the same tdTcct, and tlio olfeet upon bbieko’s comet its<(lf varies in 
amount from time to time, it is now gonumlly attribuUid to somuthing 
oucounterccl along tlm orlut of this particular body ; possibly tbo passage 
through some cloud of meteors, or disturbances by some unknown body in 
tho asturoidal rogions, 

THE COMETS TH15MSELYES 

491. Physical Characteristics of Comets, — Tho orbits of these 
bodies are now thoroughly understood, and their motioms are 
caloulahle with as much accuracy. as the nature of the observa- 
tions permit j but we find in their physical constitution and 
behavior some of tho most perplexing and baffling pwoblems in 
the whole range of astronomy, — apparent paradoxes which 
have not yot received a satisfactory ex 2 )lanation. 

While comets are evidently subject to the attraction of gravi- 
tation, as shown by their orbits, they also exhibit evidence of 
being acted upon by powerful repulsive forces emanating from 
tho sun, While they shine partly by reflected light, they are 
also certainly selj^uminous^ their light being generated in a way 
not yet thoroughly explained, They are the hulkieaii bodies 
known, except tho nebula), in some cases thousands of times 
larger than tho sun or stars; but in mass they are “airy noth- 
ings,” and one of tho smaller asteroids probably rivals tho 
largest of them in weight. 
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493, The Constituent Parts of a Comet. — (a) The essential 
part of a comet — that which is always present anti give-s the 
comet its name — is the voma^ or nebulosity, a hazy cloud of 
faintly luminous transparent matter. 

(i) Next, we hiive the nucleus, which, however, mahes its 
appearance only when the comet is near the sun, and is wanting 
in many comets. It is a Iniglit, more or less starlike point 
near the center of the coma, and is usually the object “ observed 
on ” in noting a comet’s xdaoe. In some cases tbe nucleus is 
double, or even multiple. 

(o) The tail, or train, is a stream of light which commonly 
accompanies a bright comet and is sometimes present even with 
a telescopic one. As the comet aches the sun the tail 
follows it, but as the comet moves awaj'’ from the sun it pre- 
cedes, and by the ancients was then called the heard, Sxieaking 
broadly, the train is alway.s directed aioay from the sun, though 
its pi’ecise form and position are determined partly by the comet’s 
motion, Jt is practically certain that it consists of extremely 
rarefied matter, which is thrown off by the comet and powerfully 
repelled by the sun. It certainly is not — like the smoko of a 
locomotive or tlie train of a meteor — matter siiu^dy left behind. 

{d) Jets and JJnvclopes, The head of a brilliant ooiiud is 
often veined by jbts of light, which aiipcar to he sx)irtod out 
from the nuolousj and stmretimes it tlirows off a series of coiicen- 
trio envelopes like hollow shells, one within the other. 'Theso 
phenomena, however, are seldom observed in any but brilliant 
comets. 

493, Dimensions of Comets. — The volume, or bulk, (»f a 
comet is often enormous, — almost beyond conception if the 
tail is included in the estimate. 'Phe head, or coma, is usually 
from 40000 to 1.60000 miles in diameter} a comet loss than 
10000 miles in diameter would stand little chance of disc{ivory, 
and comets exceeding 150000 miles are rather unusual, though 
there are a considerable number on record, 
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Tlio lieail or tlus coiniit oE l.Hll at ono time inoasnrcd nearly 1 il()( )()<)() 
miles, — more than forty per ccnit larger tlum tlio diamettiu of the fniu Itself. 

Holmes’ comet of 180‘d luul at oim time a (tlamotar (‘xet aiding 70 0000 mites, 
but IK) visil)l(i nucleus at that tiuie, A few weeks Inhir it looked like a 
mere hnxy star. The comet of t080 hail a head OOOOOO miles across, and 
that of Domiti’s comet of 1858 was iioOOOO miles in diaineUvv. 

Tho cliamoter of the head clianges all tlio time, and what is 
singiilur is, that wliilo tho comet is approach iiig tho sun, tho 
head ordinarily eoniracts^ expanding again as it reoodos. '.I'lic Coutrncihm 
diameter o£ Rnoko’s comot shrinks from about 300000 miles 
wlion it is 130 000000 miles from tho sun to a' diameter not uiosun. 
exceeding 12000 or 14000 miles when at perihelion, a distance 
of 83 000000 miles, the Yariutiou in hulk being more thaii 
10000 to 1. No satisfactory explamitiou is known, hub Sir 
John ITcischel has nuggested that the change may ho merely 
optical, ^ — ^tlmb near the sim a part of the nebulous matter is 
evaporated l)y the solar heat and so becomes invisible, con- 
densing and reappearing again when tho comet reaches cooler 
regions, 

Tho nuffUus usually 1ms a diameter ranging from a mere point niamotoi- of 
less than 100 miles in diameter up to hOOO or (1000, or even 
more. Inko tho oomet’s head, it also ehanges in diameter, even 
from (lay to day. The variations, however, do not seem to 
depend in any regular way upon tlio comet’s distance from 
tho sun, hut rather upon its activity in throwing off jets and 
envelopes. 

T'he tail of a comot, as regards simple magiiitudo, is by far its nimousloH.s 
most imposing feature. Its length is seldom loss than 5 OOOOOO 
or 10 000000 miles; it frequently attains 60 000000, and there 
are several eases in whieli it has exceeded 100 000000, It is 
usually more or less famshaped, so that at the outer extremity 
it is millions of miles aoross, being shaped roughly like a cono 
projeotiug behind the comet from tho sun, and more or less bent its umuil 
like a horn, as shown in Fig. 158, The volume of the train of 
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the Gomot of 1882, 110 000000 miles in length, some 200000 
miles ill diameter at the comet’s head, and with a diameter 
of 10 000000 orlSOOOOOO at its extremity, exceeded the bulk 
of the siin itself more than eight tliousand times. 

494. Mass of Comets, — While the volume of comets is thus 
enormous, tlieir mcm is apparently insignificant, — in no case 
at nil comparable even with that of onr little eartln 

The evidence on this point, liowever, is purely negaUvo ; it 
docs not enable us in any case to determine how great the mass 
really is, but only hoio great it is not; nc., it only pnivos tlmt 
the comet’s mass is less than a certain very small fraction of the 
earth’s, but does not warrant us in sotting any lower limit. 

The evidence is derived from the fact that no sensible pertur- 
bations have ever been produced in the motions of the planets 
or their satellites even when comets have come very near them; 
and yet in such a case the comet itself is “sent kiting” in a 
new orbit, showing that gravitation is fully operative between 
the comet and the planet, 

Loxell’s comet in 17T0, and Biola’s comet on several occa- 
sions, came so near the earth tliab the length of the oomet’s 
Xyeriod was greatly changed, wliiio the year was not altered by 
so much as a single second ; and it would have been changed 
by many seconds if the comet’s mass wore as mueb as of 

that of the earth. 

Brooks’ comet of 1.886 actually passed between Jupiter and 
the orbit of its hrsfe satellite. None of the satolUtos were 
sensibly disturbed, but the comet’s orbit was ehanged from an 
ellipse witli a period of over thirty years to one of a period 
with less than seven, 

At present this mass (xuxs’ffUF earth’s mass) is very gen- 
erally assumed as a probable upper limit Cor oven a large coinofc, 
It is about ten times the mass of tlie earth’s atmespiiero and is 
about equal to the mass of a hall oC iron 150 miles in dianietor, 
but how much smaller tlie limit may really bo no ouo can say. 



COMETS 


489 


496. Density of Comets. — I'lio nieaii density in in5i!osssirily Muuu 
extremely low, the mass of the cjomet beiuQ' so snuill and the 

J ^ ” />. coinota very 

volume SO great. If the head of a comet oOOOO miles in low. Com- 
diameter has the very improbahle mass of 

earth, its mean density in only about part of that of the vacuum, 
air at the earth’s surface, — a degree of rarofnotioii roaolicd by 
only the very best air-pump.s. 

The extremely low density of comets is shown also by their 
transparency. Small stars are often seen directly through tho Ti-aiiHpai-' 
head of a comet 100000 miles in diameter, oven very near its 
nucleus, and with hardly a povcoptihlo diininutiou of luster. 

Tliore arc, however, in suoli cases indications of a very slight 
refraction of tho light passing tln*ough tho comet, causing a 
barely sensible displacement of tho star. 

As for the tail, tho density of this must bo almost infinitely Ktiiiiowor 
lower tlian that of tho head, — far below the host vacuum we can 

lliu train. 

make l)y any means of science. It is nearer to an airy nothing 

than anything else wo know of. i 

Another point should ho referrod to. fltudents often find it | 

hard to couooivo liow such impalpahlo “ dust clouds ” can move duhI; douda i 
in orbits like solid mas-ses and Avifch sucli oiioriuous velocities ; Lv(ivor«o j 

Intorplaii" 

they forgot that in a vacuum a foatlior falls as swiftly as a stone. „t„ry Bjmen 
Interplanetary sjiaco is a vacuum, fur more perfect than any- n»HwJftiy 
thing wo can produce by artificial moans, and in it tho lightest \ 

bodies move as freely and swiftly as tho densest, since there is 1 

nothing to resist their motion. If all the earth were suddenly 
annihilated, except a single foatlior, tho featlior would koop 
on and pursue the same orbit, with tho unchanged speed of 
18 J miles a second, 

498, Nature of Comets. — Wo must boar in mind, however, now monii 
that the low viean density of the comet does not necessarily 
imply that tho density of its oonstituont parts is small. A hiowiiu 
comet may he in tho main composed of small heavy bodies and 
still have a very low mem density, provided tlioy are widely out pariR. 
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enough separated. There is much reason, as we shall see, foi 
siipiiosing that such is really the ease, — that the comet is 
largely composed o£ small meteoric sand grains (say xunhcads, 
many feet apart), each carrying with it a certain quantity of 
enveloping gas, iii which light is produced either by electric 
discharges or hy some different action duo to the rays of 
the sun. 

As to the size of the particles opinions vary widely: some 
maintain that they are large rochs \ Professor Newton calls a 
comet a “ gravel bank ” ; others think it a mere “ dust cloud ” 
or “smoke wreath.” 

The unquestionable and close ooiinoction between comets and 
meteors, which we shall soon discuss, almost compels some 
“ meteoric hypothesis,” and, at present at least, no other theory 
is maintained by any high authorities. 

497. The Light of Comets. — To some extent this is refloclod 
sunshine, hub in the main it is light omitted by the comet itself 
under the stimulus of solar action. That the light depends in 
some way upon the sun is shown hy tho fact that its intensity 
follows approximately the same law as tho brightness of a 

1 

planet, and is usually proportional to 1^' which Ji is the 

comet’s distance from the sun and A its distance from the earth. 

A comet as it recedes from the earth does not simply grow 
smaller, retaining tho same apparent intrinsic brightness, as 
would bo tho case with an independently self-luminous body, 
but grows fainter and disappoaus on account of faintness. 

Not infrequently, however, tho light of a comet varies capri- 
ciously, brightening and fading without ai)paront cause, within 
a few days or oven a few hours. 

498. Spectra of Comets, — Tho spectrum is usually a faint 
oontinuous spectrum, on which are superposed certain bright 
hands, five of them in tho visible spectrum j there are others 
in tho ultra-violet, observable only by photography. Of the 
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five visible bands, two are very faint, so that ordinarily but 
three can be seen. The spoetriun is identical with that of the 
blue cone at the base of a Buusen-buriier llamo, wliicli is always 
found where liydrocarbou gases are in a state of combustion, 
and is generally ascribed to cioetylenG, (See Fig. 101, comet, 
1881-111.) The spectruiu of a comet is not mainly, as sonio- 
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times stated in text-boolcs, tbcj spec t ruin of carhon monoxide 
though some slight pueuliiiritie.s in the comet’s Hpectriim sug- 
gest the presence, at times, (vf this gas also. 

The faint continuous spootruni is due, in part at least, to 
reflected sunlight, as shown hy the fact that some of the prin- 
cipal Fraunhofer linos have hecu i^^fotographcd in it, though 
they cannot bo seen, 

If the niiolous is bright, its spectrum also appears like a 
narrow streak, nearly continuous, running through the spoc- 
trum of tlio head, as shown in the iigure. At least ninety per 
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cent/ of ivll the coraelw llmti fur obsevvod Imvo giyon thi« hydro* 
carbon (acetylene?) apoctrinn. 

If tlie comet is one tiiat does not approach tho snn within iiie 
distance of 100 000000 miles or so (such comets arc not numer- 
ous), the hydrocarbon bands are sometimes missing, replaced in 
some cases by unidontifted bands of a different wavfs-longth, as 
in tho case of Rrorsen’s comet and Borrolly’s eomet of 1877 
(Ifig. 161), 

Tbo spectrum of Holmes’ comet of 1892, whicli never (;iime 
inside ibe earth’s orbit, showed no bands or lines at all, either 
bright or dark, but wtis simply contiuuons. 

If, on the other hand, tho comet appi‘f)aclios the sun within 
8 000000 or 10 000000 miles, tiio hydrocarbon ))ands grow 
relatively faint, and tbo yellow line of sodium becomos domi- 
nant, as in Wells’ comet, 1882-1, and tho groat oomot, 

1882-n. 

The latter, indeed, which almost gimed tho surface of tbo 
sun, showed numerous bright lines of other sirbs lances (prob- 
ably iron for ono). 

It has been maintained by Sir Norman Loekyor that tbo 
comet’s spectrum changes regularly and progi’essivoly with dis- 
tance from the sun, tho bands not only altering their appear- 
ance, but slightly shifting their position; but tho ovidonco for 
this is not conclusive. 

As to the cause of luminosity, it is praoUcally agreed that it 
cannot bo duo to any general heating of the mass of- the comet, 
of which the moan tempo ratiiro, on tlio contrary, is probably 
oxtremoly low. Tho explanation now most favorod aUributes 
the light to electric discharges botwoon the solid (?) particles 
through tho gases which envelop thorn, — discharges duo to 
indriGthe action of tbo sun on the “ comotic ” cloud rushing 
towards it from regions of space, where tho oloctric potential is 
presumably different from that of tbo sun itself. At })vosont 
wo can assign no certain roason for such difforoneo, but, on Iho 
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other hand, there is not any Icnown reason for assuming a 
uniform eleetric potential through all spaoo. (See Sec. 502.) 

It is, perhaps, necessary to remark that while the hydrocarbon Couiot not 
bands of the spectrum domonstrato the presence of hydrocarbons 
in the comet, they do nob at all prove that the comob is mmily hyato- 
oomposed of them, nor oven that they constitute a considerable 
portion of its wwss. It is much more likely that the minute solid 
or liquid particles constitute ninety per cent of the whole. 



Fia. ITO, — Tloiid of Uondtl’fl Ooiiiot 

lloiitl 


499. Phenomena that accompany the Comet’s Approach to the Phonomoua 
Sun. — When a comet is first discovered it is usually, us has 
been already said, a more round nebulosity, a little brighter pronai^io 
near the middle. As it approaches the sun it briglitons rapidly, 
and the nuoleu.s appears. Thou on tlio sunward side tho 
nuoleiis appears to emit luminous jots, or to throw off more or 
1g8.s symmetrical envelopes, which follow oaoh other at iiitorvals 
of a few hours, expanding and growing fainter, until they are 
lost in tho general nebulosity of the head. 
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Fig. 162 shows tho envelopes as they appear in the head 
of Donati’s comet of 1858. At one time seven of them 
were visible at once ; very few comets, however, exliihit 
the phenomena with such symmetry. More frequently tlm 
emi.ssinns from the nucleus take the form of mere jets and 
streamers, 

500, Formation of the Tail. — The tail appears to bo formed 
of material first projected from tlie nucleus towards tlie sun and 
afterwards repelled both by nucleus and sun, as illustrated by 

Fig. 163. At least, this theory 
has the great advantage over 
all others win oh have been pro- 
posed (there have been many of 
them) that it not only aeeounts 
for the phenomenon in a general 
way, hut admits of being worked 
out in detail and verilied mathe- 
matioall}^ by oomparing the 
actual size iind form of the comet’s 
tail at different points in tlie orbit 
with tliat indicated by theory.; 

Fm. Kin.— Foi'iimtimi of n Couioi'h {j,ntl tlic aecoi’dauce is usually 
Tiiil by Jfftttor oxnollcd from tho . , „ ^ 

iiptui satisfactory. 

According to this theory, tiio 
tail is simply au assemblage of repelled particles, eiuih moving 
ill its own liyporholic orbit ^ around tho sun, tlie separate 
particles having very little connection with, or effect upon, each 



1 Slnco tho ftflsninoil reiiulsivo forco upon a pavtlolo virtually (lliulnislica tlm 
film’s attraction upon it, it also virtually (Uinlnishoa its paralioHo velocity 
If imdor this {liiniiiishod attraction tlm particle had fallen from an inlinlto 
dlfitanco, ita parahollc velocity would bo Ichs than if gravitation had acted 
unnindinod). In the formula of See. .020, U®, if tho comet Ih moving In a 
parabola, Ihorcforo becomes losa than for tho pnvLlcloa that compoao tho 
tall ; and tho mmil-major axis, a, for tho aubsctiucnt orbit of auoli partlcloH, 
bocomoB negativo, convurting tholr orbits Into liyporbolaa, 
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other and being almost entirely emancipated from the control 
of the comet’s head. 

Since the force of the projcotion from the comet is seldom 
very groat, all theso orbits lie nearly in the plane of the comet’s 
orbit, and tlie result is that the tail is usually a sort of a flat, Tito tail 
hollow.^ curved, horii-sliaped cone, open at the largo end. The ^ 

edges of the tail, near tlio comet at least, therefore usually curvodcono. 
appear much 1 Tighter than the central part. 

501. Curvature of the Tail, and Tails of Different Types. — 

The tail is curved, because the reiiellod particles, after leaving Explanation 

of nurva- 



Fjct, KM. — A Ooiiiot’s Tall at IKfFoi'oiit Points in Its Ovblt 
iiotii' Portludtoii 


the comet’s head and i-oceding from the sun, retain their origi- 
nal motion, and in eon sequence are ari'angcd, not along a 
straight lino drawn from the sun to the comet, but on a curve 
convex to the direction of the comet’s motion, as shown in 
Fig. 164, — the stronger the repulsion, the loss tiio curvature. 

Bredichin of Moscow has found that in this respect the trains tiio throo 
of oomots may bo classified under three different types: lyresof 

Firsts the lony^ straight rays i tliey are composed of matter ii^ua, 
upon which the solar repulsion is from twelve to fifteen times as 
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groat as gravitational attraction, so that tho particles leave 
the comet with a relative velocity of 4 or 6 miles a second, 
wliicli is afterwards contiimally increased rriitil it becomes 
enormous. The nearly straight rays, shown in Fig. 168, tan- 
gent to tho principal tail of Donati’s comet, belong to this 
class. For plausible reasons, connected with tho low density 
of hydrogen, B red i chin considers them to be composed of tliat 
substance, possibly sot free by the decomposition of hydrocar- 
bons. They aro rather uncommon, and in no case since tho 
promulgation of tho theory liavo been bright enough to allow a 
spectroscopic test of their nature, 

The second type is the curved, plumelike train, like the pi’in- 
cipal train of Donati’s comet. In trains of this typo, supposed 
to bo duo to hydrocarbon vapors, tho re]Dul8ive force varies from 
2.2 times the gravitational attraction for particles on the convex 
edge of tho train to half tliat amount for tho.so on the inner 
edge. Trains of this class show tho hydrocarbon spectrum 
through alt their extent. 

Third, A few comets show tails of still a third type, — short, 
stubby brushes, violently curved, and due to matter upon wliioh 
the repulsive force is feeble as compared with gravity. Tdicso 
aro a.ssigncd to metallic vapors of considerable density, sodium 
perhaps, possibly sometimes ii’on, 

502. The Repulsive Force. — The nature of tlio force which 
repels the parti (des of a comet is, of course, only a matter of 
speculation, 44 1 ore is probably at present a decided preponder- 
ance of opinion in favor of tlie idea that it is electrieul. In this 
case the repulsion upon small particles, heing a .surface action, 
would bo moi'G effective in proportion as tho particle was smaller, 
and this is in aeeordanee with the apparent fact that tho molecules 
of hydrogen, hydrocarbon gas, and metallic vapors aro sorted 
out, so to speak, to form the throe different types of tails. 

But tlm (ixperiments of Nichols and Hull in tliis country and 
of Lebedew in llussia, made independently in 1901, tend to 
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confirm a long-standing surmise that it may he duo to the Uopuisimi 

direct action of the waves of solar radiation upon extremely 

small particles of matter. light-wavoN. 

Maxwell, ycnrs ago, ahowotl that us a constfquciioo oC his ('haitroiiiHgiintic 
theory of light (th«;ii lunv, hut now' alinoat uiiivorsully jictinphal), a partiolc 
rocoiving light-rays ought to lus ropi’llail hy a forco tho aiuoiint of whioh 
ho ooniputinl. For pnrtiolos of .scoimhlo juaguitiulo tho calculaUul ho'on 
is iiisigiiilicaiit as oouiparud witii tlm solar attruetion, l)iit for jiarliohis 
— say, a ImiKlrod thousandth of an invh in diaiiiotor — 'it niatiy tinii'S 
oxcoc-ds that at(ra<!tion. Vjirious inisiHicossful atUnnpts havt; botin iiiado 
to dctiuit such a fortu* (^xpcrliiuJUtally, hut at last tlus physioists soiuu to 
havo ovovcoiuo tln» «liirunilti(!H, and tlioir result prajdieally agrees with 
Maxw'oll’s ]ir<!di(!titui. This the,ory sujtjihuiuuitary t«> the (!lo(!l.ri(!al 
rathor tliaii contradiotory, ns tlio rt^pidsive force «)f light is <lu<* to an 
doctroinagnctic? reaction, and it is not nidilo'Iy that tho particles rc^pelled 
may carry t>hict.ri(! chargers. 

It has also been attempted to necjuint for tho ropulshin liy an imUrfcl Itlvapomllon 
antioii resulting from ihe lieatiug of the surfaces of the aliuu.st inllnitcsi- theory, 
mal particles on tlu^ side n(;xt to the sun. 

There is no reason to suppose that the matter driven ojf to form 
the- tail is ever recovered hy the comet. Jh probably romainH in 
space, to bo piokod np by any largo nuiasea avIuoIi tho partiolos 
may meet. 

Whenever a coinot cmnos near to tlio sun or to ono of tho 
larger planuty, it in subjetded bo Xorcea wliioh tend tt) pull it 
to piooos, and, as tho mutual utfcraction bo tween its particles 
is oxtromoly feeble, it somotimos hap[)onH tluit it is soparatod 
into several portions, as was tho case with Jliehi’s comet in . 

1840, with tho groat comet of 1882, and with Brooks’ tiomot 
of 1889. Indeed, it seoina likely that all along its course it Dislntogm- 
losos portions of its substance, so that at ouoli sucoossivo return don of 
to poriholion it hecoinos smaller and finally conaea to exist 
as a recognizable “ body,” tho scattered j)artiolos traveling by 
thoraselveH until they fall upon some larger body as “shooting- 
stars.” 
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603. Unexplained and Anomalous Phenomena. — A curious 
phenomenon, not yet explained, is the dark stripe which in 
tho, case of a large comet nearing the sun runs down the 
center of the tail, looking very much as if it were a shadow 
of the comet’s head. It is certainly not a shadow, however, 
because it usually makes more or less of an angle witli tho 
sun’s direction. It is well shown in Fig. 162. When the 
comet is at a greater distance from the sun this central stripe 
ivS usually bright, as in Fig. 166. Indeed many, perhaps most, 
small comets, instead of tho usual hollow, horn-shaped tail, 
show only this narrow streak, smaller in diameter than tl\o 
enmot’s head, — as if the material repelled by tho sun fol- 
lowed around tho coma and left it 
only at the point remotest from tho 
sun. 

Not infrequently, however, comets 
possess anomalous tails, — usually 
in addition to the normal tail, hut 

OoBKii.'» Comet, ,T„„e, 18T4 sometimes substituted for it, — tails 

directed sometimes straight towards 
the sun and sometimes nearly at right angles to that direction, 

T'ho great comet of 1882 also Garried with it for a time a 
faintly luminous “sheath,” which seemed to onvolop tho comet 
itself and that portion of tho tail near the head, projecting 2° 
or 8® forward towards the sun. For some days, moreover, it 
was uecompanied by little clouds of comotary matter, which 
left the main comet, like smoko puffs from a bursting bomb, 
and traveled off at an angle until they faded away. None of 
these appearances eontradiot the theory outlined above, but they 
oannot be said to bo explained by it, — evidently we liavo not 
yet the whole story. 

604. Photography of Comets. — It is not unlikely that photog- 
raphy will give us light on the subject, for the sensitive plate 
reveals in the tail of tho comet (not in tho head) many interesting 
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details whioli are wholly invisible to the eye ; jiartly, it is likely, 
boeaiTso of the oumulativo action of the feeble light thiring a long 
photographic exposure, and partly, also, because the light of a 
comet’s tail probably resembles that of the positive “ brush ” from 
a charged electrode in being very rich in iilti'ii-violotrays, which 
act i)owerfuUy in photography, but do not affect the eye. 

The first photograph of a comet was obtained by Bond in 
1868, — only a partial success and but little known. The next 
was in 1881, when Henry Draper in Now York and Huggins 
ill England photographed Tebbutt’s comet, and in 1882 tlio 
great comet was well photographed by (xill in South Africa. 
Eig. 166 is a series 
of photograplis of 
Swift’s comet of 
1892 by Barnard. 

'Ji’lie tail was barely 
visible to the 
naked oyo, and tho 
peculiar features 
exhibited in tho 
photograph wore 
not visible at all. 

Fig. 167 is from 
Hussey’s beautiful 
photograph of Bordamo’s comet of 1898, for which wo are 
indebted to tho kindness of Professor Holden. 

Since iin photograpliing a comet the oamora is kept pointed at 
tho head, which is moving moro of less rapidly among the stars, 
tho star images, during the long exposure, are drawn out into' 
parallel streaks, as seen in tho pliotograph. llio little irregu- 
larities are duo to faults of tho driving clock and vibrations of 
tho telescope and atmo-sphore. 

Tho knots and streamers, which in the photographs charao- 
terize the comet’s tail, wore none of them visible in tlio tolesoopo 
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and differ from those shown ui)on plates preceding and follow- 
ing. Other plates of Rordamo’s comet, made on the same 
evening a few hours earlier and later, indicate that these knots 
wore swiftly receding from the comet’s head at a rate exceeding 
150000 miles an hour. 

Fig. 168 is a photograpli (also by Barnard) of Gale’s ooinet 
(May, 1894). It was moving through a crowd of star.s. 

In tlu’ce cases already jncntioncd (Sec. 479) comets liavo been 
diseovered by pliotography. 

505. Danger from Comets. — 

Wo clo.se the el lap ter with a few 
remarks upon a subject wliieh 
has been mucli diseiissed. 

It has been supposed that 
comets might do us harjii in 
two ways, — either by actually 
striking the earth or by falling 
into tlio sun, and thus pro- 
ducing such ail increase of 
solar lioat as to hum us up. 

As regards collision witli a 
comet, there is no question that 
the event is possible. In fatJt, 
if the earth lasts long enough, it is praoticully sure to happen ,• 
for there are sovoi'al coinots wlioso orbits pass nearer to our 
own than the somidiamotor of the ooinot’s head, Jincl at some 
time the earth and comet, if the comet lasts long enough, will 
certainly come together. 

As to the consoquoiico of sucli a collision it is impossible to 
speak positively, for want of sure knowledge of the eoustifcutiou 
of the comet, If the theory which has been presented is true, 
everything depends on the size of the separate particles whioli 
form the main portion of the oomot’s mass. If fcliey weigh 
tons, the bombardment oxporionoocl by the earth when struok 
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by a comet would be a very serious matter ; if, as seems mucli 
more likely, they are for tlie most part smaller than pinheads, 
the result would bo simply a splendid sliower of shooting-stars. 
In 1861 the earth actually passed unnoticed through tho tail of 
tho great comet of that year. 

Such encounters will, however, be very rare; if we aoeopt 
tho estimate of Babinet, they ought to occur once in about 
15 000000 years in tho long run. 

A danger of a different sort has been suggested, — that 
if a comet were to strike the earth, our atmosphere would 
he ])oisoued by the mixture with the gaseous components of 
tho comet. Here, again, the probability is that on account 
of the low density of the cometary matter no sufficient amount 
would remain in the air to do any mischief at the earth’s 
surface. 

506. Effect of the Fall of a Comet into the Sun. — As to this, 
it may he stated that, except in the case of Enoke’s comet, there 
is no evidence of any action going on that would cause a now 
existing periodic comet to strike the sun’s surface ; it is, how- 
ever, doubtless possible, perhaps not improbable, that a comet 
iuay sometime enter tlie system from without, so accurately 
aimed as to hit tlie sun. 

But in that case it is not likely that the least mischief would 
be done. If a comet with a mass equal to of tlie earth’s 

mass wore to .strike tho sun’s surface with the parabolio velocity 
of nearly 400 miles a second, the energy of impact converted 
into heat would generate about as many calories of heat as the 
sun radiates in eight or nine hours. If this ivere all instantly 
effective in producing in creased radiation at tho sun’s surface 
(increasing it, say, eightfold, for even a single hour), harm 
would doubtless follow; but it is practically certain that 
nothing of the sort would happen. The comotary partiolos 
would pierce the photosphere and liberate their lioat mostly 
helotv the solar sw'faoe^ simply expanding, by some slight 
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amount, tho «im’s cliamoter, and so adding to its store of 
potential energy about as much as it ordinarily expands in a 
few hours and imstponing, by so nuicli, the date of its iinal 
solidification. Tliero might, and very likely would, bo a Hash 
of some kind at the solar surface as tho shower of cometary 
particles struck it, but probably nothing that the astronomer 
would not take delight in watching, 

EXERCISES 

1. What; would bo tho moan doiislty, ooinpavtid witli niv, of tho splioriftiU 
lioad of a comet 1 00000 miles in cliamolor and liaviiij^ n nia.Hs irtuVoo tliat 
of tho earth, nssuming tlm donsity of the (iartli to ho tiiuo.s Unit of 
water and tho donsity of wntor 77n Linios that of air V «,■{. About rj-uJoffi- 

2. What would bo thu diamotor of siudi a comet if eoiiiprossod to a 

density tlio same as that of tho eavtliV 171 jniles,. 

3. Can tins climousions of a coiiua’s tail bo ilidoriiiincd witli niuoh 
accuracy? Tf not, why not? 

4. How can it liappun that comets whoso orhits nenrly tininciide within ^ 
a distanco of lOO UOOOOC) miles from the sun may liavo periods (llffering by 
hundreds of years? For exauiple, the oomots'of 1.930 uiid 19913, of whioli 
tho first lias a computed period of only 39 years, and thu otlior of more 
than 000, 

6. In tho case of two comotary orbits very nearly paruliolio, and having 
tho same very small poriholioii distance, how would the ratio of tlioir major 
axes bo affoctod by a small dilformico in thoir perihelion volooitios? (Sim 
Soo. 320, remoinboring that, as tho orbits arc nearly parabolic, must lio 
very nearly oipial to when tho oomets pass pcrihoUoii,) 

6. If tlie ropulsivo forco of thu sun upon a particle of a ooniot’s tail 

woro just (upial to tlio gravitational attraction (,Sco. Oiri), whnt would bo 
tho path of that particle V An.v, A straight lino. 

7. If tho ropulsivo foroo oxcooclod tho gravitational attraotion, what 
would bo tho nature of tlio path? 

y|ns. All orbit cwaoca* toward tho sun, hyper bolio if tho repulsion 
varied inversely as tho square of the distanoo, the snn being in tho 
fooua outsido the ourvo, at F" in Fig, IH), Soo, »1*). 
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8. Wliat would be Uie path R the ropulaiv** fovce wove only very am all 
as compared with the gravitational attvaetiou / 

Aks. An orbit o£ aiightly greater major axis and period than tlmt 
of the comet itself. 

9. Will a given comet (say Kncko’a) have procisidy the aaino orbit on 
successive returns ? 

10. Why can we not infer willi certainty that two conuds which have 
orbits practically identical are thoin.stdves idimtioal V 

11. Can we, from apoctroseojiio obsevvation.s of a comet, infer the rela- 
tive proportions of the luminous and nou-Uiminous subHlauccB prcRonfc in 
the comet? 

12. Is it probable that n eoniet cun continuo jievinanently in the solnr 
system as a comet? Tf not, wliy not, and wliat will bucoino of it? 
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METEORS AND SHOOTING-STARS 

Aerolites: thoir Fall niul Pliyslcnl Cliaractcriatli's ; f'luian of JJjjlit aiul Heat; Prob- 
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ftlol on rli’. Showers: tlio KadlaiU; (>iinoetloii between Comets and Melcors 


METEORS 

607. Meteorites, or Aerolites, — Oocasionally bodies fall upon 
the earth out of the sky, coming to us from on ten’ space. Until they 
reach our air they are invisible, but as soon as they enter it they 
blaze out, become conspicuous, and the pieces which fall from 
them arc called meteorites-i aerolites^^ or simply meUorw stoneB, 

If tUo fall occurs at night, a ball of fire is soon, which moves 
with an apparent velocity depending upon the distance o£ tlxo 
meteor and tlio direction of its motion, and is generally followed 
by a luminous train, which .sometimes remains visible for many 
minutes after the meteor itself has disappeared. The motion 
is usually somewhat irregular, and here and there along its 
patli the fire-ball throws off sparks and fragments and changes 
its course more or less abruptly. Somotimos it vanishes by simply 
fading out in the distnnoo, somotimos by Imrsting like a rocket. 

If the observer is near enough, the flight is accompanied by 
a Ixoavy continuous roar, like that of a passing railway train, 
acoentuatod now and tlien by violent detonations ; the noise is 
froi^uontly heard 60 miles away, ospooially tlio final explosion. 
The observer, however, must not oxpoot to hoar the explosion 
when ho sees it. Sound travels only about 1.2 miles a minute, 
so tliat there is often an interval of several minutes between 
the visible bursting and its report. 
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If th(3 fill! ocoui’8 l)y day, llic luiidiutiis a[)]H!aranc«s aro 
mainly wanting, though Home times a white elund in seen, and 
even the train may he viKible. In a few cases, aerolites have 
fallen almost silently, and without warniug. 

508. The Aerolites themselves. — The mass that falls is some- 
times a single piece, hut more usually there are many fragments, 
sometimes to he ei)unted hy thousands. At the Pul tusk “fall,” 
in 18(19, the numher was estimated to exceed 100000, mostly 
very small. The pieces weigh from 600 pounds to a few grains, 
tlie aggregate mass occasionally amounting to more than a ton. 
dim largest single mass, so far as known, is one that fell at 
Knyahinya in 1866, weighing 647 pounds. 

By fai’ the greater number of aerolites are stones, hut a few 
— one nr two per cent of the whole numher — are pieces of 
nearly prn’o iron more or less alloyed with nickel, 

Tlie total ninuhor of meteorites which have fallen and boon 
gathered into our cahinots since 1800 is about 276. The only 
instances in which purely iron meteorites have been actually 
seen to fall and aro represented hy specimens in our cabinets 
are the eight following, viz. ; 


Tvoti 

(►f wlik'h Hid 
fall wuM 


A grain, Croatia, Austria 17 fit 

Duilcson Comity, '.risniioHni'n, U.S I SSfi 

liraimau, Uoliomia . 1847 

Victoria Wosl, South Arrica 1802 

Niidagollali, Amhiu . . . ■ 1870 

Ilowtou, ICnghnul 1870 

Mazapil, Moxico . , 1885 

Cabin Crtuilc, ArhaiiHaH, U.S 1880 


There ar(i about as many more which contain large quantities 
of iron and hy some authorities have been reckoned as “ irons” ; 
nearly all meteorites contain a large percentage of the metal, 
either in the metallic form or as Hulphid. 

About 80 of the 276 f(dl witliln the United States, the most 
remai'kuble being those of Weston, (lonn., in 1807; Now 
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Concord, Ohio, in 18(50; Anuviiu, lown, ISTO ; Kmnuit Oouuly, 
Iowa, 1870 (liirgoly iron); autl Oal)in Orooic, Ai-]{., 188(1. 

Our cabinets at present contain sjjeeimoiiH oC sonic wliut more 
tlian throe Imndred meteors whieli have been seen to hill, besides 
a nearly equal nmnlicr of otlier bodies, — mostly nmssos of iron 
which, from the oireuni s tances of tlioir lindiiig and the iicenliari- 
ties of tlieir constitution, are suppo.sed to be of meteoiie origin. 

The A nest collection in tint Avorhl Is that at Vionua. 'I’lie colleotion oC 
the British Mn.simin and tliiit iit Pai'is are also in)Uav(jrtliy ; and in tliis 
country the oil duet nf Yale ITuiversity in especially rich. 

609. Appearance and Constitution of the Meteorites, — The 
most character is tie external feature of an aerolite is the tluii 
black crust which covers it, usually, but not ahvuy.s, g'lo.sMy 
like varnish. It is formed by tlio fusion of the surfaoe in the 
meteor’s swift motion tlirough tlio air, and in some cases pono- 
tratos deeply into the mass through veins and fissures. It is 
largely coiupo.sed of ox id of iron and is almost always strongly 
magnetic. The crusted surface usually exhibits pits and hol- 
lows, called “ thumb-marks ” booauso tlioy look like prints jn-o- 
duood by tlirusting the tluimb into a pioiio of putty. These 
oavities are explained by the burning out nf certain more fusible 
.substanoos during the moteor*.s fiiglit. 

On breaking, the stone is so mo times found to bo coinporn- 
tively fine grained, but usually is made up of crystalline lumps 
and globules, and sometimes has a considerable portion of solid 
iron Hoattored throughout the mass in grains as largo as a pin- 
head or bird slmt. 

T‘wcnty-mven of the ehemioal elements, including argon and 
helium, liavo been found in meteorites, but not a single new 
element, Many of tiie minerala of whieli the metoorite.s are 
oomposod present a great resemblance to terrestrial minerals of 
volcanio origin, but there are also many whioh are peculiar and 
not found on the earth. 
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'’J'ho occasional presenco of cavlion is to l)o ospooiiilly noted ; 
and ill a meteor wliicli fell in Russia in 1887, the c-arbou 
appeared to bo in a crystalline form, identical with the black 
diamond, though in particles exceedingly minute. 

Fig, 109 is from a pliofcograph o£ a Pvaginoiit of one of Mui ineUioric 
stones -wliioh foil at Gross Diviiui, Hungary, in 18;)7 ; weight alK)ut twiuity- 
four p on lids, 

Path and 510. Path and Motion. — When a inetoov lias been well 
motion. observed from a number of different stations a eonsidorablo 



Frci, lOil, — Tim Gross Divlim ^roloovUo 


1 distance apart, its path with reference to the surface of the 

j earth can be computed. 

i. Kiovation It is found that it usually first appears at an altitude of 
j about 80 or 100 inilos and disappears at a height of from 

I 6 to 10. The length of the patli is goiioraUy between 50 

! and 600 miles, though in some cases it lias been m u cl i greater. 

1 In 1860 one passed from over Lake Michigan across tlio 

Lnngih of Country and fell into tbo sea beyond Capo May ; and in 1870 
i imth. ^ great meteor traversed the country from Kansas to nortboni 

I Pennsylvania. 
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Tho volooity ranges from 10 to 40 miles a second in the Voi<mity. 
earlier part of its course, but is very rapidly and greatly 
reduced by tho resistance of tho atmosphere, so that when tlie 
surface of the eartli is reached it is often not more than 400 or 
500 feet a second, Li one case (a meteor tlnit fell near Upsala, 

Sweden, in January, 1800) several of the stones struck upoji 
the ice of a lake and rebounded without breaking tlio ice or 
damaging the ms elves. 

The avn'diic- velocity with which these bodies enter the air Motcorltcw 
.sooins to he very near the i)!U’aholie velocity of 20 miles a '“'o 

•' *- . Irom (llfllant 

second, duo to the sun’s attraction at the earth’s distanoo, — just rngUmH. 
a.s should be tho ease, if, like tho comets, tliey come to us from 
distant regions of space. 

611, Observation of Meteors. — Tlie object of tlie observer obaowaLinti 
should ho to obtain as accurate an estimate as possible of the 
altitudo. and azimuth of tho meteor at moments which can bo 
idojitified, and also of the time ocoux)icd in traversing definite 
portions of tlio patli. 

By Jiiglit tho stars furnish tho host roforonce points from uototml- 
whieli to determine its i)osition. By day one must take advan- f 

^ ^ uictooi'V 

tago of natural objects and buildings to define the meteor's uUiuuio uikI 
place, tlio observer marking the precise spot where he stood 
when the meteor disappeared belli nd a ehimnoy, for instance, or 
was seen to burst just over a certain branch in a tree. By tnlfiiig 
a surveyor’s instrument to tlio place afterwards it is then easy 
to translate such data into altitude and heariwj. 

As to tlio time of flight, which is ro(|nirGd in order to deter- Timoof 
mine the metGoi'’s velocity, it is usual for the observer to begin 
to repeat rapidly some familiar verse of doggerel when the 
moteoi’ is first seen, reiterating it until the meteor disappears. 

Then, by reliearsi ng tlio same before a clock, tlio number of 
seconds can bo pretty accurately determined. 

612. Explanation of Heat and Light. — These are simply due 
to the intense oondensation of tho air before the swiftly moving 
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meteor, mid consutjaeiit dostnietiou of tho meteor’s energy. 
'J'lie resistaneo, due to coiuleimation, amounte iu many eiisuH to 
the back-pressure o;f luindreds of pounds upon a sftuiire inch; 
mid most of the energy of the meteor destroyed in this way is 
traiisformod into heat, largely imparted to the air, but to a 
eonsideralile extent expended upon tlie surface of the meteor, 
fusing it and producing the crust. 

If a moving liody whose mass is M kilogriuns, and its Velocity 
V kilometers per second, is stopped by a rosistauee, its energy is 
almost entirely converted into heat, and the number of oalorics 
(Sec. 267) developed, is given (approximately) by the equation 

Q = 120 MV\ 

In bringing to rest a body having a mass of one kilogram and 
a velocity of forty- two kilometers, or 2(1 miles a second, tlie (piau- 
tlty of heat developed is enormous, — nearly 21201)0 calories,— - 
vastly more than stinieienfc to fuse it, even if it were made of the 
most refractory material. As Lord Kelvin has shoAvn, tlie ther- 
mal affect of tho rush througli the air is tho same as if the meteor 
were immersed in a blowpipe flame having a temperature o.( 
many thousand dogrees; and it is to be noted that this temjiera- 
iura is mdapende'Ht of the dimsib/ of the air through which the 
meteor is passing. The qumitity of heat developed in a given 
time is greater, of course, whore tlie air is dense, but the tempera- 
ture produced in the air itself at the surface where it eneou liters 
the moving body is the same whether it be dense or rare. 

'l?his rise of temperaturo is due to the fact that tho gaseous 
molecules strike tho siirfuee of tho meteor as if the meteor wore 
at rest and tho molecules tliemsclves Avore moving with speed 
correspondingly increased. (According to tho kinetic theory 
of gases, tho “ toinporature ” of a gas depends entirely upon 
tho mean velocity square of its moloculea.) 

When tho moving body has a velocity of one and one-half 
kilometers per second tho viHaal temperature of the surrounding 
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air is about that of re<l hoat. When the vchxiit^ reuehes 
thirty kilometers j)er soeoncl the amount of lusat (leveloi)e(l is 
16^, or 226, times as great, and the surface is aetetl upon as if 
the surrounding gas were a blowpipe flame, as has been said ; 
the surface of the meteor is fused and the liquellod portion is 
continually swept oil by the rush of air, eondenaing as it (uiols 
into the luminous dust tliat forms the train. The fused surface 
is continuall}'^ renewed until the velocity falls below two kilo- 
meters a second, -or thereabouts, when it soUdi(i(«s and forms 
the crust. 

As a general rule, therefoni, the fragments are hot if found 
soon after their fall 5 but if the stone is a large, one and falls 
nearly vertically, so as to have a short path tlirongh the air, the 
J mating efi'ect will he eoiilined to its surface, and, owing to the 
low conducting power of stone, tlio eentor may still remain 
intoiLsely cold for some time, retaining nearly the t{iinpt>raturo 
wliich it had in interplanetary space. It is recorded that one 
of the fragments of the Dhurmsala, India, meteorit(i, which fell 
in 1860, was found in moist earth half an hour or so after the 
fall coaled toith ice. 

One unexphiined feature of the meteoric trains deserves 
notice. They often romain luminous for u long time, some- 
times as much as lialf an hour, and are earried by tlio ^riiid 
like clouds. It is imi) 0 Hsihl (3 to suppose that such a (doud of 
impalpable dust remains white-hot for so long a time in the 
cold upper regions of the atmo 8 [»hero, and tlie question of its 
enduring luminosity or pbosphorosceiuH) is an interesting and 
a puz/.ling one. 

513. The Origin of Meteors. — ^Tho liigh voloeity with whioh 
many enter our atmosphere makes it (puto oovtain that they at 
least had not a terrestrial origin. A. body projcietod from tlio 
earth could never return with liighor velocity tluin that of pro- 
jection, and any velocity exceeding about 7 miUs a second (the 
parabolic velocity at the earth’s surface Sec. 819) Avould carry 
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tliO' body poriiuinGnily away from Lho earth, never to return 
unless after many revolutions around the sun. Alost inoteors, 
if not all, co]no to us as astronomieal bodies, moving like planoUs 
or comets ; as to their origin, we can only speculate. 

At the same time wo iiud in our cabinets many distinct 
cUmas of them, and in each class all the meteors whielf eojn» 
pt)se it resemble eaoh other so closely as to suggest tho idea 
that they must have had a common source, or at one timo 
formed portioJis of a single mass; Imt where and whoa? 

Some have maintained tliut they were projected from lunar 
volcanoes, ages ago perhuiis (Cor lunar volcanoes are now iimc- 
tivo), and that since that timo they havo he on moving around 
tho aim like planets, until now oneounterod by tlio earth. 
Others refer tlieni to similar imagined volcanic eruptions from 
tho oar ill in sonic past ago, and others considor them as pro- 
eoeding from the disintegration of come is. 

As to tho iron meteorites, some holiovo that they havo boon 
ojoetod from tho suji or from a star, hnsiiig the opinion upon tho 
romarkablo fact that those moleorio irons are usually “soaked 
full” of necludod gases, — hydrogen, helium, and earhon oxids, 
whieli can be extracted from them by well-known methods. It is 
argued that tho iron could havo ahsorlied these gases only when 

iinniorsod in a hot douse atmosjdiorc saturated with thorn, a 

condition oxisiing, so far as known, only on tho sun and stars. 

All investigation by tlio late Professor Newton, liowovor, 
shows that about ninety per cent of tho aerolites, for tho dotor- 
nhniition of whoso orbits wo havo sudicient data, wore moving 
around the sun before their encounter with tho earth in paths 
not paraliolio, hut rosomhling those of tlio sliorlrpuriod coinola, 
or more eecontric asteroids, and ueaily all direct, suggesting a 
planetary ratlior than a stellar origin ; tlioy might possibly bo 
minuto outriders of tho asteroid family. 

Lord Kolvlii suggested many years ago that meteors may 
Jiavo acted in conveying germs of life from one part of tho 
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xiniversG to another, — a siiggeation, liowovor, not gonorally 
acceptocl, since they seem to have passed through conditions 
of temperature which hiust have destroyed all life. 

514, Number of the Aerolites, — As to the nuiuher of those 
bodies which strike the earth, it is diflieiilt to malce a triiatwortliy 
c.stimato. Wo generally add to our cabinets eacli year .speci» 
mens of from two to six meteors which have been seen to fall. 
Hut for one that is found, even of the meteors whose flight has 
been observed, a dor.en are missed ; and if we include all that 
Avero not seen, or tluit fell unobserved on tlio oeeau or in regions 
from Avhieli no report could oomc, the sum total must he very 
great. SehroibGi's estimated the number at seven bnndrod a 
year. Koichonbach puts it at three or four thousand, hut this 
is probably oxcossivo. 


SHOOTING-BTAKS 


616. Their Nature and Appearance. — Those are Urn sxvift- 
moving, evanescent, starliko points of light Avhich may ho seen 
every few moments on any clear moonless night. Tliey make 
no sound, nor (perhaps witli one oxe option, to bo noted later) 
has anything been known to reach the earth’s surface from 
them, not even in tlio greatest “ niotooric sliowers.” 

For this reason it may l)o well to retain provisionally the old 
distinctioix between tliom and tlie largo meteors from which aero- 
lites fall. It is quite probable that the distinction Ims no real 
ground, a. t shooting-stars are just like other meteors, except 
in size, being so small, that they are entirely consumed in the 
air 5 but then, on the other hand, thei'o are some tilings Avliioli 
favor the idea that the two classes of bodies differ in constitu- 
tion about as asteroids do from comets. 

616. Number of Shooting-Stars. — Their number is enormous, 
A single ordinary observer averages from four to eiglit an hour; 
one used to observation, well situated and on a moonless night, 
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will see at least twice as many; Schmidt ol' Atliona soIh the 
average iiiimher at fourteen. If the observers aro sufluacntly 
numerous and so organized as to be sure of noting all that are 
visible from their station, about eight times iw many will bo 
counted. 

On tliis basis Profe.s8or Newton has esUmaUal that thii (olal 
number which enter our atmosphere daily must b(5 h('iwi‘vn 
ten unil twenti/ miUmu the average dislantio between Ihom 
being over 200 miles; and besides (-hose whieli are visible to 
tlje naked eye there is an immensely larger mimbor so small as 
to bo observable only with the toleseojio. Dr. See (istiniates 
the number of these as at least one luuulrod million daily. 

The average hourly number about six o\doek in the morning 
is double the hourly number in the evening, and the motoors 
move much swifter, the reason being that in tho morning wo 
are on tho front of the earth as regards its orbital inoiioji, while 
in the evening we are in tlio rear, ('i’lio eartlds orbital motion 
is always directed towards a point on tho ecliptic about 00° west 
of the sim.) In the evening, tliorcforo, wo sue only such as 
overtake us. In the morning wo see all Unit wo cither meet or 
overtake. This proportion of morning ami evening me to ova 
is precisely what it should bo if Uioy conic to us indisci'lnu- 
nately from all directions and with the parabolic velocity of 
26 miles a second. 

517. Elevation, Path, and Velocity. — By obHorvations made 
at stations 80 or 40 miles apart (liest liy xdiotograpby) it is easy 
to determine these data with some accuracy wbonevoi’ molom« 
klentifiablo at the two or more stations make their ajipeamnco. 
It is found that on tho average the shoo tiiig-s tars appear at 
a height of about 74 miles and disappear at an elovution of 
about 50 miles, after traversing a eourso of 40 or 50 milc.H, with 
a velocity of from 10 to 80 miles a second,' — about 25 on Uio 
average. They do not begin to lie visible at ho groat a height 
as the aorolitio meteors, and they aro more quickly eouauinocl 
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and. thoreforo do not poiietrato our atmospliuro to so ^ruiit ii 
deptli, — lortiinatel)'’ for ns. 

518, Brightness, Material, etc. — -Now and thon a shooting- ni'i^iituisHs. 
star rivals Jupiter or even 'Venus in ) brightness. A c! on si dur- 
able number are like lirst-niagnitiule stars, but the great majority 
arc faint. The bright (mes generally leave trains, whitdi some- Tmitis, 
times endure from live to ten miiiute.s and then fold up and 
are wafted away by the air eurrents, wlu<ili at dU miles alKJve 
tlie earth’s .siirfaee ordinarily have veloeitie.s of from 50 to 75 
miles an lujur, 

d.'lie .swift meteors are usually of green or bhiisli ting<s wliilo RdIop. 
those that move slowly arc! gcniei'ally red or yellow. 

Occasionally it has been possible to get a snai) shot,”' so to 
.speak, at the spuotmm of a meteor, and in it the Ibriglit lines SiHuSinim. 
of sodium and (proljably) magnesium are fairly eoiispiotunts 
among many otliers which eannot be identilied a hasty ghin<!e. 

Since these bodies are (joiisumod in the air, all wo can Impo 
to got of their material is their aslie.s. In most plaoos its eolloe- mmocu'Ia 
tion and identiiieation is hopeless; hut Nordonskiold thought 
that it might be found in tlie polar snows. In Spit'/.bergen he 
therefore melted several tons of snow, and on fdtering the water 
ho actually detected in it a sediment eon tainiug minute globules 
of oxid and sulphid of iron. Hhnihir ghjbules liave also lioon 
found ill the products of deep-sea drudging. They may bo 
metcorio; but what we now know of the distance to wlucli smoko 


and line volcanic dust is carried hy the wind makes it not 
impossible tliat they may bo of purely terras tiual origin. 

519, Probable Mass of Shooting-Stars.— We have no way in-uimtiu 


of determining the exact mass of such a body; but from tlie 
light it omits, as soon from a known diataiioo, an estimate can 
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{luminous energy) to the total energy consumed is the same for 
a meteor as for an electric lamp, we can oomputo the total 
energy of a meteor which shines with known brightness for a 
given time at a known distance. 

Suppose, for instance, that the shooting-star is at an average 
distance during its flight of 30 miles from the observer and 
ajipears as bright as a 10 candle-power lamp of a mile away, 
and shines for five seconds (-j'^ minute). The total luminous 
energy then equals ' 

150 X 10 X iV X ^ 880000 foot-pounds. 

Suppose its velocity, F, to be 20 miles, or 105000 feet, per 
second. For the energy, in foot-pounds, of a moving body 
whose velocity is V feet per second and its mass in 2 iound& 
wo have 

J? = ^ (nearly), whence, M = 04 x 

Finally, then, in the case before us, 

^ TQ560Q2 ' " OT (nearly). . 

This represents fairly the observed conditions for a very 
bright shooting-star. 

If a meteor converted all its energy into light, — z.e., if its 
luminous efficiency were higher than that of a lamp, — this 
would give the mass much too great. On the other hand, if 
the meteor wore only feebly luminous, the mass thus determined 
would be much too small. 

It seems likely that an average meteor and a good electric 
lamp do not differ widely in their luminous effioieney, and 
on this basis observations indicate that ordinary slioo ting-stars 
weigh only a fraction of an ounce, — from a grain or two up to 
100 or 160 grains. Some authorities, however, estimate the 
mass considerably higher. It all turns on the assumed “lumi- 
nous efficiency ” of the shooting-stars. 
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620. Effects produced by Meteors and Shooting-Stars,— -(1) 
Moteors add coniimudly to the mass of the earth. If wo assume 
20 000000 a day, each weigliiug of a pound, the total amount 
would bo about 50000 tons a year; and if the spcoilic gravity 
of the meteoric dust averages the same as that of granite, it 
would take about eight luindred million years for the deposi- 
tion of a layer I inch thick on the earth’s surface, 

(2) They diminish the lenyth of the year in three ways : (a) by 
acting as a resisting medium, and ,so really shortening the major 
axis of the earth's orbit (just as tlie orbit of Encke’.s comet is 
shortened); {h) by inoreasing the mass of the earth and snn, and 
so iiioreasiug tlie attraction between them; («) by in<ircasing 
the size of tlie earth, thus Blackening its rotation, lengthening 
the day,, and so making fewer days in the year. 

t’alculation shows, however, that on the preceding assump- 
tion as to the mass of the meteors, the combined effect would 
hardly amount to more than ^ of a second in. a million yeans. 

(3) Mach meteor brings to the earth a oertain amount of heat^ 
devoloi)ed in tho dostruetiou of its motion. .According to the 
best estimates, however, all tho meteors that fall upon tho earth 
in a year supply no more heat tliau tlio sun does in about one 
tenth of a second. 

(4) They must necessarily render space imperfectly transparent 
if they pervade it throiigliout in any sueh numbers as in tho 
domain of the solar system ; hut this effeet, tliongh doubtle.ss 
real, is also so small as at present to defy ealeulution, 

METlilOUKJ SHOWERS 

621, There are oceasioiis when the shooting-stars, instead of 
appearing here and there in the sky at intervals of several 
miniiteM, appear in sliowers of •thousands; at sncli times they 
do not move at random, hut all their paths diverge or radiate 
from a single point in tho sky, known as tho Jiadiaiit; f.r,, 
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Uieif patlis prtxUiocid Ijaokwui'd all pass throuj^li or iioar that 
point, though thoy do ]\ot usually start thoro. i\lii tours wldtth 
appear near Iho radiant are appavtiuLl}’’ stationary, or dosoriho 
patiis whieh are very short, wliile those in the more (lislanL 
regions of the sky pursue longer courses. 

The radiantkeeps its phuic among the stars sensibly unchanged 
tomondii- during the whole eontiuiianco of the shower, • — for hours or days, 
lira of shower is named according to tho place of 

jotonric ° 

howers. 


• Fio, 170. ~ Tlio Stclporlo KaiUiml In Leo, Nov. IS, ISlKf 

the radiant among tho constellations. Thus, wo have tho Leo- 
nids, or meteors whoso radiant is in tho constellation of Loo, 
the Andromedes (or Bielids), the Porsoids, tho Lyrids, cle. 

Fig. 170 roprcsoiils tlio tracks of a large mmilier of the Loonids of 
showing tile ])ositinn of tho radiant nniv ^ Leoiiis. It shows also tin* 
tracks of four mptoors ohservod during the snmo tiiiio, whioli tlhl imt 
belong to tho s]iow<‘r, 

an off^etTf^ radiant is a mere effect of ixtrspeetive, Tho motciorH arc 

perspeottvo. moving lu lilies nearly parallel when en countered hy tho 
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earth, and tli(5 radiant is sinipl}'’ tho iierspiuilivt) vanifthinif iioint 
of this system of pamlUds ; tlieir paths all appear to converge, 
like the rails of a railway track for an observer looking upon 
it from a bridge. The position of tiio radiant on the celestial 
sphere depends entirely upon the direction of the motion of the 
meteors relative to the observer , For various reasoiis, however, 
the paths of the meteors, on aceonnt of irrogularitie.s in their 
form and surfaces, are not exactly parallel or straight, find in 
coiLseipieneo the radiant is not a mathematical point, but a spot 
or patch in the sky, often covering an area of 3® or 4®. 

l^robably the most remarkable of all tho meteorio showers 
that have ever occurred was tliat of tho Leonids, on Novemljer 
12, 1833. 'riio number at some stations was estimated as high 
as 200000 an hour for five or six hours, “ Tlio ,sky Avas as full 
of them ns it ever is of snowflakes in a stoi’in ” and, as an old 
lady described it, looked “like a gigantic umbrella.” 

522, Dates of Meteoric Showers. — Meteoric sliOAvcrs arc evi- 
dently caused by tho earth’s encounter with a swarm of the 
little bodies, and since this SAvarm or flock pursues a regular 
orbit around the sun, the earth can meet it only AAdion she is 
at tho point where lior orbit cuts the path of tho meteors; this, 
of course, must always happen at or near tho same time of the 
year, except as in tho process of time tho meteoric orbits shift 
their positions on account of perturbations. Tho Leonid 
showers, tliorofore, appear about November 15, and tlio Audro- 
incdes about the 24tli ; but both dates are sIoAvly changing, tho 
Leonids coming gradually earlier and tho Andromedes later. 
Since 1800 tho former Invvo shifted from November 12 to tlio 
15 th, and the latter from the 28th to tho 24th since 1872. 

In some eases tho meteor.s are distributed Jilong tlioir whole 
orbit, forming a sort of ring and rather AVidoly scattered, fu 
that case tho sliOAver recurs every year and may continue for 
several weeks, as is the ease Avtth tho Porseids, or August 
meteors, On the other hand, the flock may be concentrated, 
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and then a notable shower will occur only on the day when the 
earth and the meteors arrive togetlier at the orbit crossing. 
This is tlie case with both the Leonids and the Androniedes, 
though the latter are already getting pretty widely scattered. 
The showers then occur, not every year, but only at intervals 
of several years, and always on or near the same time of tho 
month. For the Leonids the interval is about thirty-three 
years, and for the Andromedes usually thirteen, but sometimes 
only six or seven. 

The meteors which belong to the same group have certain 
family resemblances. The Perseids ai'e yellow and move with 
medium velocity. The Leonids are very swift (we meet thorn), 
and they are of a bluish green tint, with vivid trains. Tim 
Andromedes are sluggish (they overtake the earth), are reddisli, 
being les.s intensely heated than the others, and usually have 
only feeble trains. 

Aboul; one Imadvcsil nuiteovic riulianta arc now recognized an<l cata- 
logued, The nio.st conspicuous ol‘ them, except those already nmned, 
ai'c klie iollowiiig: tlio Dracnniih, January 2;. LyrhUi Aiiril 20; Aijuit- 
7'lifh /, May (1; Ayuuriuh 1I\ July 28; Orwnuh, Octoher 20; Ueininuls, 
Deceiuher 10. 


523. Stationary Radiants. — When a meteoric shower per- 
sists for days and even weeks, as do tho Perseids forinsfcanoo, 
the radiant, as a rule, gradually shifts its position amon|y the 
stars, on account of tlie change in the direction of tho earth’s 
motion, — as it ought to, since tin; place of the radiant depends 
upon tlio eomhiniUion of the earth’s nn)tion with that of the 
meteors. 

Mr, Denning of Ih-istol (Fiigland), for many years an assid- 
uous ol)Horvor of meteors, claims, however, to have disco vorod 
numerous oases in which tho radiant of a long-couthuiod shower 
remains absolutely slationari / ; and ho pi’eseiits as typical tho 
(li'ionids, wliicdi scatter along from about October 10 to 24, all 
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the time, according to his observations, keeping their radiant 
close to the star v Orioiiis, 

No satisfactory explanation of sncii. fixity of the radiant yet 
appears, though certain mathematical investigations by Turner 
of Oxford (oil the disturbing effect of the earth upon meteors 
passing near her) look promising and may resolve the problem; 
but some high authorities still remain skoptioal as to the fact. 

524, The Mazapil Meteorite. — As has been said, during those 
siiowers no sound is lieard, no sensilde beat perceived, nor have 
any masses ever reaebed the ground ; with the one exeeption, 
however, that on Nov. 27, 1885, a pieces of meteorie iron fell at 
Mazapib ill northern Mexico, during the si lower of Andromedes, 
or “ Biolids,’* Avhich occurred that evening, 

■ Whether the coineidonco Avas aijeideiital or not, it is inter- 
esting. Many high authorities speak confidently of tliis xiinco 
of iron as heing a piece of Biela’s comet itself. 

This brings us to one of the most remarkahlo discoveries of 
nineteenth-century astronomy. 

CONNECTION BETWEEN COMETS AND MET'EOllS 

526, At the time of the great meteorie shoAVor of 188B, Pro- 
fessors Olmsted and Twining of New Haven Avero the finst to 
reeogni'/.o the radiant and to point out its significaneo as indi- 
cating the existence of a sAvarm of meteors revolving around 
the sun in a ixsrmanent orbit ; Olmsted even wont so far as to 
call the body a “ eomot.” Others soon showed tliat, in .some 
oases at least (Persoids), tlie meteors must be distributed in a 
complete ring around the sun, and Erman of Berlin developed 
a method of computing tlie moteoih; orbit 'when its radiant is 
known, 

In 1804 Professor Newton of New Haven shoAved by 
an examination of the old records tliat there liad been a 
number of great meteorie shoAvors in November, at intervals of 
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tliii'liy-thrco or thirty-four years, and he predicted confidently a 
repetition of the shower on Nov. 18 or 14, 18GG. llie shower 
oeourred as predicted and was observed in l^urope ; and it was 
followed by anotlier in 18G7, which was visible in Ainerlea, the 
metooriu swann being extended in so long a procession as to 
require more tliaii two years to cross the earth’s orbit. Neither 
of these shoAvers, however, Avas equal to the shower of 1838. 
Tlie researches of Newton, supplemented by those of Adams, 
the discoverer of Neptune, showed that the swarm moves in a 
long ellipse Avith a thirty-thre e-year period. 

A return of the shoAver Avas expected in 1890 or 1900, but 
failed to appear, though on Nov. 14-J.5, 1808, a considerable 
number of meteors Avere seen, and in the early morning of 
Nov. 14“15, 1901, a well-marked sliower ocenvred, visible over 
the Avholo extent of tlie United States, but best seen Avest of the 
Mississippi, and especially on the Pacilio coast. At a nnmbor 
of stations several hundred Leonids Avere observed by eye or by 
photography, and the total numbei’ that fell must be estimated 
by tons of thousands. The display, however, seems to have 
noAvhere rivaled the showers of 18GG-GT, and these Avoru nob to 
be compared with that of 1833. 

It is not impossil)le that another minor shoAver may ho 
observed in 1902. 

'I'lui (mkmliiUiais cii: Downing iind Stonoy hIioav tluit the failure in 11)00 
was iirobalily due to portnvlnitionH of (Ins inidtsora by tins instioii <sf duiiitor, 
Hatnvn, and UnuiMH during llnsir abHoinso from Oio ludgliborliood of tb« 
HUH, oaiising (Ins niaiu Isody to jiaHs at ii diHl anoo of noarly 2 OOOOOO niilas 
Inslow (ilio orbit of tins oarlli. 

626, Ideiitiflcatioii of Meteoric Orbits Avith Cometary. — The 
I’csearehos of Newton and Ailams had awakened lively interest 
in tlio subject, and .Sehiaparolli, a foAV Aveuks after the Leoind 
shoAver, puilished a ])aper upon the Per.soids, or August meteors, 
in Avhieh ho brought out the remarkable fact that they are 
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moving in the same orbit as that of tlie briglit comet of 18G2, 
known as Tuttle’s comet. Shortly after this Levorricr published 
his orbit of the Leonid meteors, derived from the observed posi- 
tion of the radiant in eonneetion witli tlie periodic time assigned Lovorrier 
by Adams ; and almost simultaneously, but without any idea 
of a connection between them, Oppolzer published his orbit of ovhJtdt 

nuuiiuly. 



Fl((. 171i — Oriais of Moloovlo Swiu’ihh 


Tempers comet of 18G6, and the two oi'bits wore at onoo soon 
to be practically identical. Now a single coincidence might be 
accidental, but hardly two. 

Five years later camo the shower of the Andromodes, follow- Aiulmmoaos 
ing in the track of Biola’s comet, and among more than one 
hundred of tho distinct meteor swarms now recognized Prof. 

Alexander Horsohel finds five othons whieli ‘are similaiiy related 
each to its special comet. It is no longer po.S8iblo to doubt 
that there .is a real and close connection hetwceii these meteors 
and tlioir attendants. Fig. 171 represents four of these oometo- 
meteorio orbits. 
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527. Nature of the Connection. — Thi.s cannot bo said to be 
ascertained, In the case of the Leonids and the Andromodes 
the meteoric swarm the comet, Imt this does not seem to 
be so in the case of tlio Perse ids, wiiich scatter along more or 
less al)uiidantly every year. 

The prevailing belief at present seems, on the whole, to bo 
that tlie comet itself is only the thickest part of a meteoric 
swarm, and that the clouds of meteors scattered along its path 
result from its disintegration. 

It is easy to sliow that if a comet really is such a swarm it is 
likely to break up gradually more and more at each return to 
perihelion, and at every near approach to one of the larger 
planets, dispersing its constituent particles along its path until 
the compact swarm has become a diffuse ring. The different 
parts of the comet are at different distances from the sun, and 
there is almost no sensible mutual attraction between them, 
the mass is so minute. Tlie attraction of the sun or planet is 
therefore likely to cause the separation tliat has been reforred to. 

The longer the comet has been moving around the sun, the 
more uniformly the particles will be d is tr United. 'I’ho Perscids 
arc supposed, therefore, to have been in the system for a long 
time, while the Leonids and Andromodes are believed to bo 
comparatively now-eomors. Leverrier, indeed, has gone so far 
as to indicate tlio year A.ii. 120 as the time at which Uranus 
captured Tempers oomet and brouglit it into the sy.stmn (as 
illustrated by Fig. 172), But tlio theory that motnorie swarms 
are the product of oometary disintegration assumes that comets 
arc compact aggregations when they enter the system, which is 
by no means eortaiu. 

628, Sir Norman Lockyer’s Meteoritlc Hypothesis. — Within 
tho last twenty years Sir Norman Ivockyer 1ms been enlarging 
greatly tho astronomical importance of metoors. Tho probable 
mo to or ic constitution of the zodiacal light, as well as of Saturn’s 
rings, and of the comets, has long been recognized j but he goes 
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much further and maiutaiiiH that all the heavenly bodies are 
either meteorio swarms, more or less condensed, or the liuiil 
products of such condensation, Upon this liypothc,sis ho 
attempts to explain the evolution of tlie planetary system, the 
phenomena of tompoi'ary and variable stars, the various classes 



Fio. J72. — Origin of llio Lomiidfi 


of stellar spectra, the forms and structure of the nolmhc, — in 
fact, pretty mucli everything in the heavens from the aui'ora 
borealis to the sun. As a working hypotliesis his thooiy is 
unquestionably suggestive and has attracted nuicli attontion, 
but it encounters serious dillieulties in details find cfinnot bo 
said to bo as yet “accepted.” 
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EXERCISES 

1. If a coinpiiRl' «'vani» of iiictcorK W('ro now lo I'uh'v (.lui nynU^m anti bo 
deAcoted by tlio aUvaolion of hi in us plam'L into an i‘llipli(uil orliU around 
tliG sun, would Llio swarm uontimm (o bo (‘ompiuitV If not, M-liut would be 
tboultimati) distribution of tbo molooi'H? 

8. What is lli(> probablo ivliitivo aj>« of nmtoorio miwina and motaoric 
}‘in(/s as miiinbi'rs of tlio solar sysLi'in i* 

*3, Assumint; that tlio I'iivLli oimunnliu's 80 (KKtOOd ni(‘U'orM ovory 2d 
liours, what is tlm iivora^ffi mnnbi'r in a oiibio sjiani of IdOnotbUlOp oidiio 
inilos (i.c,, a oubo 1000 milos on oacb (‘df^r) / 4Vbout UnO. 

4. If spaeo worn occnphnl by nii'lcors uniformly iliHlribnlcd 10(I milos 
apart on tliroo sots of lini's pin'iu'mlimihir lo ciu'li otlioi-, liow many would 
bo oncountorod by tho oartli in a day V ,.!»«. 7S 700(100. 

NoTK. — In (Ills (uiltiral arranKCUK'at Mu' uvmtt/t'. (listmifi' Inawotiii lha lualoors 
much ()\('('C(1s too niilcs. If Mu'y wi>m imcknl us closi'ly as iumsllili', I'misIslouUy 
willi MiP riuiditioii that Iho illstaucu IkUwci'M two ni'i«li1iorrt miahoro he im 

than 100 milcD, llui iminltor would ho liicrcasi'd l»y Hourly forty iior ootil. 
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THE STARS 

Tlioii* Niiliiro, Niiiiiboi', timl Dcsif’imUdU — Slm’-Ciilulogncs ami CJmi'ts — Th« l’h«U>- 
gnipliio Canipivi}j[iis — Priiiiisi' Motioiia, Uailial MatimiH, uiul Uiii Mctliini t>f llm 
8im 111 SptUH! — Stellar Parullux 

529. Our Holiir S 3 ’^stGni is an island in si)aGG, sniTnundcd by 
an inuncjiiso void iiibabitud only Ijy meteors and eoniets. If 
there were any body a hundredth part as largo as the sun within 
a distance of a thousand astvouomioal units, its presence would 
be indicated by disturbances of Uranus and Neptune, even if it 
were itself invisible. 

The nearest star, so far as known at present, is at a distaueo 
of more than 275000 astrononiitjal units,’ — so reiuoto that, .seen 
from it, our sun would look about like the pole-star, and no 
telescope over yet constructed would be able to show a single 
one of all the planets of the solar system. 

That die stars are suns, i.a., bodies of the same nature 
as our own sun, composed largely of the same substances 
and under similar pliysical conditions, is shown by their spec- 
tra. Each star hn.s its incandescent photosphere surrounded 
by a gaseous envelopo, and while in a general way their 
spectra rescniblo each other as human faces do, each lias its 
own peouliavities of detail, Small as they appear to us, they 
are many of them immensely larger and hotter than the sun; 
others, however, are smaller and cooler, and some hardly shine 
at all. Tlioy differ enormously among tlie nisei ves in mass, 
bulk, and briglitness, not being as much alilco as individuals 
of a single race usually are, but differing as widely as whales 
from minnows. 
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530, Number of the Stars, — TIioho that arc viMibli! to the 
(^yiS thouj^li numornuM, are l.)y no means eoimtlcsH, If avo 
((X iunino a limited region, as, for instamic, the bowl of “The 
.l)ipp(?i’,” we sliall liiul tliat the number we can see Avithin it is 
not voiy larg(?, — liardly a dozen, even on a very dark night. 

In the whole eele.stial .sphere the number of .stans bright 
tmougli to 1)0 distinotly seen by an aveiuge eye is botAvoeii 
six and so vim thoiusand, and that only in a perfectly clear 
ami moonless s]:,y; a little haze or mooidight Avill cut down 
the number by fully one half. vVt any one time not more than 
two thousand or tAventy-live hundred are fairly visible, since, of 
eoui'so, one half are beloAv the horizon and near it the small 
stars (Avliieh are vastly the most numerous) disappear, The 
total nundior Avhieh eonld be seen by the aneient a.stronomors 
well mm<ih to he. olmirvahle with their imtrumenU is not quite 
el o veil I mud red, 

With even the smallest telescope the numher is enormously 
imu'euHed, A eonnnon opei'iirglass hrings ont at least one hun- 
dred thousand, and Avith a 2i^-ineh teleseope 7\rgelandor made 
\m JhirohmuHlernni} of staiAS north of the uiiiiator, three hun- 
dred and twenty-four tliousand in numher. 'I'lie A^’erkos tel- 
eseopo, ‘10 inelies in diameter, probably reaehes over one 
hundred million. 

531. Constellations.' — ^ 'Jlie stars are grouped in so-called 
“onnstellations,” many of Avhieh are extremely aneient, all those 
of the Kodiaii and all tlio.so near tlie northern pole being of pro- 
hintorie origin. 'I'lieir names are, foi* tlie most part, drawn from 
the Cdreok iiMd Uoinan mythology, many of them being con- 
nected in some Avay or other Avith the Argonautie expedition. 

In some cases the oye, Avith the lielp of a lively imagination, 
ean trace in the arrangement of the stars a vague resomblanco 
to the object wbieh gives name to the constellation, as in tho 
ease of Draco for ins tan ee, but generally no reason is obvioiw 
for eitlier name oi' l)oundaries. 
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Of th(i 8ixty-scv«u cons tell iiti on h now generally riiooguizt^tl, forty-oigliL 
have conni down from Ptolemy, tlie otliers having been fonnod Binco KHIO 
by later astronomers, in ordtsr to (nnl)rnc<( stars not included in tlio old 
constellations, and especially to provide for the stars near tho sontlierii 
pole, Many other constellations havi; been pvojioscd at ono time or 
another, but liave since laten rojeeted as useless or impertinent, lliough 
about a dozen have obtained partial acceptance and still bold a place upon 
some star-maps. 

Originally certain stars were reckoned as belonging to moro 
than ono constellation, but at present tins is no longer tlic caso: 
the entire surface of tlie celestial spbero is divided up between 
recognized coiistellations. 'I'liere is, however, no deeisive defi- 
nition of their respective boundaries, and different authoj'ities 
disagree at many points. Argohmder is now generally accjcptod 
as the authoi'ity for the northern constellations and (xould for 
the southern. 

A thorough knowlodgo of tluisc artidcial star groups and of tiu! names 
and places of the stars that compose them is nob at all cisaeulial, even to an 
accompliKlusl ustrouomor; but it is a matter of great conveuiuiice and oC 
real interest to an intolligejit person to h<! ae(pmiiit(nl witli tho princiiial 
comstollatiouH ^ and to he able to recognize at a glaiici' tluj brightor 
stars, — from fifty to ono hundred in inunlxiv, '.I'liis aiiiouiit of knowlcidgo 
is easily obtained in a few evenings by studying tho heavens in connec- 
tion with a good celitstinl globe or star-map, talcing oiu'c, of course, to 
select tivonings in dilterent seasons of tho ysar, so that the whole sky nmy 
bo covered, 

533, Methods of designating Individual Stars, — (a) By NamcB, 
About sixty of tlio brighter .stars have names in more oi' less 
common uho. 

1 In his [7'r(mo(7raj)/i?/, a booklet of about 11 fly pages, publisluid by Glim & 
Company, tlic autlior has given a brief description of tho various constellalioiiH 
and dirccUoiis for tracing them, Tho star-maps which accompany itaro (piito 
sulliciont for this pnrposo, Lliougb not on a scale largo enough to answer for 
dolallotl study, l!\ir roforonco purjKisos, Ih-ofossor Upton’s )S<ar Allan (Issued 
by tho same publishers) Is rccommondod, or tlio still moro ehibe rate (and oxpon- 
aive) onus of Argclniulor, Hois, or Ivlein, 
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A majority of these names arc of (xrook or batiu origin (r.//., 
Capella, Sirius, Arotiiriis, Procyon, Regulus, oLo.); oUier.s have 
Arabic names (Akh'bar.an, \^ega, Kigol, Altair, etc.). I'kn* the 
smaller stars the names ^ are almost entirely Arabic. 

(b) Hi) the. Star's Place in the. Oonstellation. ^'his Avas the 
usual method employed by Ptolemy iind 'J’yelu^ Bralie. 

Sjficay for instance, is the star in tlie s[)ike of wlieat whieli 
Virgo carries ; Gynvmre is frreek for “ the tail of tlie dog ” (in 
ancient times the constellation which avc now call (Tr.sa Minor 
was a dog); Capella is the goat which Auriga, the eharioteer, 
carries in his arms. IIip])archus, Ptolemy, in fact all the 
older astronomers, including Vytibo Brahe,, used thi.s method hi 
indicate particular stars, speaking, for inslamu), of “ the star 
in the Jiead of Hercules,” or in the “right knee of Boiiltss ” 
(Arcturius). 

(c) By Consteliaiioii and Letter, In 1008 Bayer, in publish- 
ing his star-map, adopted an excellent plan, over since followi'd, 
of designating the stars in a donstollatiou by the letters of 
the Greek alphabet. The letters generally (not always) were 
applied jn the order of brightness, a being the brighUsst star of 
the constellation and /3 the next brightest; but they are Home- 
times (as in the case of “The Dipjicr”) na.signed (o the stars in 
their order of position rather than in that of brightness, 

When the naked-eye stars of a constellation ai‘e so nuiiu'roiis 
as to exhaust the letters of the Greek alphabet the Uouum 
letters are next used, and then, if necessary, we employ num- 
bers which Flamsteed assigned a century later. 

At present every naked-eye star can bo referred to and iden- 
tified by its letter or Flamsteed number in the conMtellati(m U) 
which it belongs. 

1 Alien’s Sktr-Nanm and their Mcunin{f.<i ((!. E. 8tocli(.rt Onmpany, Nt-w 
York) is llio kest workmen the subJecL; full ti[ (mvloiiH iohI InltavslinK iurnriim- 
tlon relating to the names tlmmsclvos, timl to tlm viu'linw legmidacoaiii'cicil wUh 
tkom and with the constellations. 
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id) By Catalogue 'Nxmher. The preceding method^s ull fail 
in the case of telescopic stars. To such wo refer a.s luiinber 
so-and-so of some one’s catalogue; thus, “Lh, 21185 ” is read 
“Lalande, 21186,” and means the star so numhered in Lalando’s 
oataloguo. At present about eight Imndrod thousand different 
stars are contained in our numerous eatalogue.s, so that (except 
in the Milky Way) eveiy star visible in a 3-inch telescope can 
be found and ideii dried in one or more of them. 

Synonyms, Of course all the bright stars which liave names 
have letters also and arc sure to bo found in every catalogue 
which covers their part of the heavens. A star notable for any 
reason has, therefore, usually many “aliast's,” and sometimes 
care is nocc-ssary to avoid mistakes on this account. 

533. Star-Catalogues. — These are lists of stars, arranged in 
some regular order, giving their positions (ue., their right ascen- 
sions and declinations, or longitudes and latitude.s), and usually 
also indicating their so-called magnitudes or brightness. 

The first of these 'star-catalogues was made about 125 n.o. by 
Hipparchus of Bithynia (tlie first of the world’s great astrono- 
mers), giving the longitiulo and latitude of 1080 stars. Tliis 
catalogue was republished by l^tolomy 250 years later, the 
longitudes being corrected for precession, though not quite 
correctly. 

The next of the old catalogues of any value was that of 
Ulugh Beigli, made at Samareand about A.i). 1450. It was 
followed in 1580 by the catalogue of '’.I'yclio Brahe, containing 
1005 stars, the last coiistructod before the invention of the 
tole.se ope. 

The modorii catalogues are numerous, — already counted by 
tiro hundred. Some give tlic places of a groat number of stars 
rather roughly, merely as a means of idenirfying tliojn when 
used for eometary observations or otlior .similar piirposo.s. To 
• tins class belongs Argelander’s Jhirolmusternng of the modern 
heavens, wliieh contains over 824000 stars, — the largest number 


Uy iMtmlier 
ia a stnr- 
(uxtalogiics. 


HyuonyinB. 


Anclonk mid 

lUClIiOVtll 

calalogiiOH. 


■ 'I’ho 
“ Dimsh- 
mustov- 

UtlgH.” 



482 


MAis'UAL OF ASTKONOJIY 


Fiitutii- 

inuntiil 

Calalof;ii(Js. 


XonoH. 


The OloHoll- 
Hchaft oiita- 
loguo. 


Fuiicla- 
moiital star 
place B (lo- 
lonuinod l)y 
inovidiuii' 
clrolo. 


Socoiulivry 
plucQB by 
tllfforontial 
ol)8orvii« 
tioiis. 


in any ouo cataloguo tliibs far publishocl, '’I'liis has siiujo been 
suppleniented by Sohoonfold’s y'i^outhern DiirolimuUerun^^ on 
a similar plan. 

Then there are the ‘‘Fundamental Oataldgiujs,” like the Pul- 
kowa and (Ireemyicih eatalogiies, wliieli give the places of a few 
hundred stars only, but as accurately as pos.sil)le, in order to 
■furnish reference points in the sky. 

The so-called “ Zones ” of BohscI, vVrgelander, Gould, and 
many others are catalogues covering limited portions of the 
heavens, containing stars arranged in zones about a degree 
■wide in declination and running througli some liours in right 
ascension . 

An immense catalogue is now in process of publication under 
the auspices of the German Astronomiseho G osellsehaft, and 
will contain accurate places of all stars abf)vo tlie iiintli mag- 
nitude north of 15° south doolinatioii. The observations, 
by numerous cooperating observatories, have occupied twenty 
years, but are at last finished, and tliroe quarters of the dif- 
ferent parts of the catalogue are already published. Tlie Cor- 
dova catalogue and Cordova “ Zones,” togotlior with the cata- 
logues and PhoiographiG JhirGhmtBtBrunij of tlie Caxie of Good 
Hope Observatory, eovor' tlie rest of the sou thorn heavouH. 

534 . The Determination of Star Places for Catalogues. — ^Tho 
observations from which a star-catalog no is (ions tr noted have 
until lately l)e(;n usually made with tlie moridian-circlo. For the 
fundamental catalogues comparativoly few stars are observed, 
but all with the utmost care and on every possible opportunity, 
during several years, with every pi’ceautioii to eliminate all 
instrumental and observational errors. 

In the more extensive catalogues most of the Htars have been 
observed only two or throe times, and every thing is made to 
depend upon the accuracy of the places of tlie “ fundamental 
stars,” which are assumed as oorreot. Tlie instrument in this 
case is used only “ differentially ” to measure the comparatively 
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.small difference between the rig’lit ascension and declination of 
the fundamental stars and those of the stans to be catalogued. 

At present, by means of photograpliy, the catalogues are 
being extended to stars much fainter than those observable by 
meridian-circles. On the pliotographic plates the positions of 
the ainallor stars are determined by reference to larger stars 
which appear n[)on the sanio plate, and the catalogues now in 
process of construction from the pliotograplno campaign will 
contain between one and two million stars down to the eloventli 
magnitude. 

536. Mean and Apparent Places of the Stars. -r-Tlio modern 
star-catalogue contains the mean right asuonsiou and declination 
of its stars at tlic beginning of some designated y(nrr, i.e.^ the 
place the star Avould (»ccupy on that date if there were no 
equation of the cquinoxea-, nutation^ aberration^ or 2 yro})er motion. 
To get the actual (api)aront) riglit ascension and declination of 
a star for uome {jiven date (which is what we always want in 
practice), the catalogue place must bo “reduced” to tliat date, 
it must bo corrected for precession, aberration, etc. 'Tho 
operation with modern tables and formuhu is not a very tedious 
one, involving perhaps Hve minutes work, but witliout it tlio 
catalogue places are useless for accurate purposes. Viee verm^ 
tlio observations of a fixed star with the moridiau-circlo do not 
give its mean right ascension and declination ready to go into 
the catalogue, but the observations, before they can bo tabu- 
lated, must bo reduced backwards from tho apparent place 
observed to tho mean place for some chosen “opocli,” 

536. Star Charts and Stellar Photography, ^ — l^'or certain pur- 
poses acciirato Uar charts are even more useful than catalogues, 
Tho old-fashioned way of making such charts was by plotting 
tho results of kouo observations, hut at present it is being done, 
by means of photography, vastly bettor and more rapidly, A 
oooperativo campaign began in 1889, tho object of wliioh is to 
secure a photographic chart of all tho stars down to tho 
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fourteenth niagniiudo, The work is now (1002) fully throe 
fourths done. Eighteen different observatorie.s have ]»artieipated 
in the work. From these chart plates extausive (iiilahigiuiH aro 
also being made, as already mentioned. 

One of the most remai’kablo things about the [diotogiujiliitt 
method is that with a good instrument there apjieara to 

he^ no limit to tlie faintness 
of the sLar.s that can he jdioto- 
graphed; liy inereasing Uio 
time of oxposnri', .smaller and 
smaller stars aro oontinually 
reached. AVitli the ordinary 
plates, and oxposnvo tinu's not 
exceeding twenty minutes, it 
is now possililo to got distirnd 
impressions of stars that the 
eye cannot po.ssil)ly see with 
tlie telescope employed. 

Fig. 173 is a repres(‘utation 
of the Paris instrument of the 
ITonry lli-otliers, whieli was 
the first emidoyed in sueh 
work and was adopted as the 
typieal instrument for tlie 
charting operation. It has an 
aperture of about 14 iiudies 
and a length of about 11 feet, the object' glass being speoially 
corrected for the plioiographio rays. A 0-inch visiml Loloscojm 
is inclosed in the same tube, so that ilio observer can Avateli 
the direction of tho mstruniont during the whole ojicratioii, 
The instruments used at tho other olisorvatorioa diiTer in 
mechanical arrangements, but all have lenses oC the same 
apeituie and focal length, tho scale of all tho jdiotograpbs huhig 
1 to a millimeter, the same as that of Avgulaiitler’s oharts. 



Fia, 17S, — I'hologi'.apliic Tolo.scopti of tho 
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As already mentioned, these charts furnish the material for a 
•very extensive catalogue, 

S(iv<sral otlier very large pliotogriipliio lahmcoia's li!iv(i ulraudy Imeii 
coiistnicted, Tlio Bruce telescope, presell Usd to tlie Harvard Colksge 
Ohservatory by the lato Miss Bruise of Nisw Torlc, lias for its objective a 
four-lens pbotograpliie doublet 2 feet in diauiister, but witli U' focal length 
of only n ftsot, — - the same as those imsntioned above, — so that its nega- 
tives are on the same scale. While the oi'dinary photographic lens will 
oover an area of only about two disgreiss square, this covers from live to six 
d(!greus squaw*, and with a very miudi diniinisliod time of exposure. Tt lias 
been sent to tlio Harvard sultsiilinry observatory at Arecpiipu, Peru, wlau’e 
ibis omploycd in the pliotogrupliy and spiiclroscojiy of the sontliern heavens. 

'I’lie new telescopes ut (Jroeiiwieh and tli<! Cape of Cood Hope have tlu! 
saino aperture, hut aro mucli longer. Botli have visual Anders 18 inches 
in diameter. 

The enormous instrument at Men don (mfar Baris) has also two teh?- 
seopes coiiihiiied, — a vi.sual telescope of 82 inches upovturo and aphoto- 
grapliic of 2,T inches, each 05 feet focal hmgth. 

Still more recently the Botsdam Astrophysical ()b.s(!rvalory has mounted 
an immense instrument, shown in the frontispiece, the pholograpliic ohjticU 
glass of which has a diameter of 81} inches, with a fotiul It'ugth of 4il feet, 
and tlie visual ohjifet-glnss a diameter of 20 inches. 'I'liis long-focus instru- 
ment will, however, ho used muiuly for other purposes than cliartiiig, 

STAll MOl'IONS 

537. In contriulmtiiiution from tlie planets, or » wanderer, s,” 
the stars are called “fixed,” because they kee[) their relative 
positions and conUguration.s sensibly unebanged for centuries. 
Delicate observations, however, separated by snflieiont intervals 
of time, show that tlio fixity is not absolute. Nearly two 
humlrod years ago (in 171.8) it was discfivered by Halley that 
Arcturu,s and Sirius bad (shiinged tlicir phices since the days of 
Ptolemy, having moved southward, the first liy a full degree 
and the other about lialf as ninoli. Indeed, oven to the naked 
eye, tljG.so two stars no longer fit certain alignments described 
by Ptolemy. 
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Modorn ubHerviilions kIiow (dearly lliat ilio Slavs are I't'iilly all 
in motion, “drifting'” npou tlie colostial sphere. Not only so, 
but the spectroscope n()tv makes it possible to imauMure their rale 
o£ motion towards or i'rom the (‘arlli, and it appears on tln' 
whole that their velocities arti of the same order as those of 
the planets: they arc ilyiug through sjiaee ineoinjiarahly more 
swiftly than cannon-shot, and it is only lieeause of Llndr ineoii- 
ccivablo distance from us that they seem to go so slowly, 

538, Common Motions, — If wo eomparo a star's position (/.<*., 
its right ascension and deeli nation) as detoi'mined to-day by a 
meridian-circle with that observed oiHi liundrod years ago, it will 
always ho found to have altered coiisulorahly. 'I'he eliange, how- 
ever, is mainly due, not to any real eliange in the position of the 
star, but to procession, nutation, and aheri’atioii, already dis- 
cussed (Secs. Kir)-!?!). 

'These depend upon variation in tlio direetion of the (Mirth's 
axis and upon the swiftness of her orbital motion and are not 
real changes of the star’s direction from the earth. ^I'hey are 
only apparent displaooments and are called “ common ” motions 
because they are shared alike by all stars in the same region of 
the sky. They do not in the least affect their ap[)ai'unl, con- 
figurations and lingular distances fi'om each other. 

539, Proper Motions. — But after allowing for all these 
common motions of the stars, it gen orally aiipoars tluit in the 
course of a century the stars have really changed their places 
loith reference to each othei\ each having a moluH pnundiarh^ 
or “proper motion” of itwS own, tho word “jirojier” being here 
the antithesis of “ common.” Of two stars side by sitlo in 
the sa,me telescopic field of view tho proper motions may he 
very different in amount, or oven dlroetly ojipositc, wliilo the 
oommon motions, duo to precession, ole,, uru, of course, sonsihly 
identical. 

About tT6 stars are at present known to havo a proper motion 
exceeding V’ annually, but tho number is being consUuitly 
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increased by additions from among’ tlio fainter stars. Kven 
the largest of tliese proper motion-s (alway.s expres-sed in seconds 
of arc) is very small. 

Tho inaxiimiin iit pMSont known (discovovod in 1808) is that of a litthi Maximum 
star of tho eig’lith maf>'nltudo, known as “ G.C./i., V, .No. ^48 ” (/.<?., (lould’s known H".7 
Cordova Zones, Fifth Hour, .No. which drifts 8".7 yearly. Tlie next 
in magnitude, and for a long time at tho head of tho list, is that of tho 
seventlMnugiiitndo star, 1880 ('Trooinhridge, tho so-called “ runaway star," 
which has au aumuil drift of V, Ncdtlier o.f those stars is visible to tho 
uakod eye. ft will take two lumdnid years for the fir.st of them to drift a 
distance equal lo tho moon’s apparent diamotiU'. 

As might bo exjiccted, tho proper motions of tho bright star.s Average 
avcraga\\i^\\Qv than those of the hunt ones, since, on tlie whole, j-y,. 

the bright stars arc nearer; hut the faint stiU'S are so much thouonror 
more niimoi’ous that among them many drift faster tluiii any of 
tho fewer bright ones. 

Tire avcra(fe proper motion of tho iirst-miignitudo stars is 
about 4'' annually, and that of tho sixth-magnitude stars (the 
smallest visible to the naked eye) is about of a second. 

These motions are always soiisihly rectilinear. 

Table of the Appendix, in coniicclion with other matters, gives the 
proper motions of ahont forty of Urn i leaver stavs which also, as a rule, are 
tho .stars liaving tho larger proper motions. 

Hitherto tho determination of proper motions has rested Aiiviuiingc 
almost entirely upon the comparison of remotely dated star- 
catalogues, hut it is likely that lioreafter much more rapid (Usoriniaing 
progress will ho made by tlie compHi'ison of photograpliio charts, 
in which consideration of the aommon motions is unnecessaiy, 
lus these affect alike all tho stars on each negative. 

540. Real Motions of Stars. — The proper motion of a star Koni motion 
gives us very little knowledge as to the star’s real motion in ^^kstar. 
miles unless wo know tlie star’s distance, nor even then unless 
wo also know its rate of motion towards or from u,s. Tho 
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proper motion derived from tlie comparison of tlio catalognoH of 
different dales is only tlio angular value of that part of Uio whole 
motion which is perpendicular to the line of vmouy the “ cross ” 
or “thwartwise” motion, as it may ho called. A star moving 
directly towards or from the earth lias no proper motion, 

f.r., noohangoof apparent i)hum 
to bo dtitoctcd by comparing 
observations of its position. 

Fig. 174 ilhistratoH the mat- 
tor. If a star really movo.s in a 
year from yI to it will seem 
to an obscii’Ycr at the earth to 
have traversed tho lino Ab^ and Ukj proper motion (in seconds 

of arc) will be 20G2G6 x — • tSince Ab cannot po.ssihly 

' distance 

bo greater than AJi^ wo are able in some oases to fix a mimn* 
limit to the star’s velocity. 
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Fio. 174, — Coinpononls of ft Stur’s 
Proper Motion 


According to tho determination of Brilnnow, nccej^lod autil lately, Ihn 
distance ot 1880 firooinbvidgo is a little over two inlllioii ftslroiioinieid 
units; and therefore, since Ab 8ul>tends an angle of T' at the earth, H« 


length mu.st bo nt least 


7 x 2 000000 , . , , , , 

• — astrouonneal units, winch, rmliicnl 


to miles and divided hy tlio numbor of seconds in a yi'ar, corn'spouds to a 
velocity exceeding 200 miles a second. 

More recent observations by Knplcyn innko tho distance of this star con- 
siderably loss — about 1400000 astronomical units — mul proportionally 
reduce tho cross motion, Ah, lo about I'lO miles a second. 

Vor the star of greatest proper motion, G.C.%., V, 2'l:l, tho cross motion 
comes out about 80 miles per second, so that the *' runaway alar " still 
holds the record for real swiftuosa. 

'I'he formula for this “cross " or “ tliwartwiso " motion (yl/i in Pig. 174) is 


@ (miles per second) = 2.044 t =5 0.008 j X p, 

whore fi is Iho annual iwoper motion of the alar, p its iiarallax (both in 
seconds of arc), and ;/ its distance in “light-years.” (.See Secs. 01(1 
and 647.) 


V 
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In many cases a number of stars in tlio same region of tlio 
sky have proper motions practically identical, milking it almost 
certain that they are in some sense neighbors and really con- 
nooted, — very likely by community of origin. In fact, it seems 
the rule rather than the exception that stars which are ap 2 )ar- 
ently near each other and about alike in brightness are really 
comrades. They show, as Miss Clorke expresses it, a distinctly 
“gregarious” tendency. In certain cases, however, there are 
groujjs of stars in which some conspicuous mombors have dif- 
ferent proper motions from the others, and theso discordant 
raotiojis will in time destroy the configuration. The “ .T)ii>p<!r” 
of Ursa Major is a case in point. The two extreme star.s, a 
and ■>;, are, according to Flammarion, moving in a nearly 02 ) 2 )o- 
site direotion from the others, so that about one hundred 
tliousand years ago the “ Dipper ” was no dipper at all, and will 
not be one a hundred tliousand years hence. 'Tiie other stars of 
the group maintain their configuration. 

541. Motion in the Line of Sight, or “Radial Velocity.”^ — 
Olworvations of the proper motions of stars furnish no infor- 
mation as to the rate at which the stars are recoding or 
approaching j but if a star is bright enough to give an obsorv- 
ablo spectrum, its radial velocity can ho determined by means 
of the spectroscope and the aiiiilication of the I lopiilor-lfiy.oau 
princijilo (Sec. 264). If the star is recoding, tlie lines of its 
spectrum will be sliifteil towards the red, and towards Oho blue 
if it is coming nearer. The shift is ascertained by arranging tlio 
tolospocbroscopo (Sec. 244) so that by a comjiarison prism tlio 
observer shall have, close together or superposed, the spectrum of 
Oho star ho is dealing with and of some substance (hydrogen, 
sodium, iron, or titanium) whoso lines are jirosent as dark liiios in 

1 Wo Bliall follow tho li'i'oncli iiHiigo hi miiploying tho torm “ mclial voloelly " 
{Dilmc nuUale) to doiiolo llio ralo at wliloli a htidy ia changing Its dlstanco from 
Iho ohsurvm*. Tlio o<iuivalonl oxiivusHtoii, “motion In lino of flight,” Ifliallior 
ohmifly. 
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the star spectniiu ; he can then appreciate and inoasure any dis- 
placement of the stellar lines, as illustrated by Fig. 08, Boo. 2r>4. 

Sir William Huggins, in 1867, was the first to apply this 
method, and obtained some very interesting- results (espiun’nlty 
the determination of the radial motion of Sirius), (luito siinUmmO 
to establish the feasibility of his method. From the insunudoiit 
power of his instruments, however, they eaa now be i‘egiii'<lucl 
only as approximations. 

The work was followed up for several years at Groenwioli 
and some other places, but so long as visual observations ■wore 

depended uiion 
the results worn 
not very satisfue- 
tory, Visual oIk 
soi'vations of thin 
Ic i n d are o x- 
tromely dilTionU; 
the star .spectra 
arc very fain fc, the 
displacements of 
the lines very 

Fr«. 1713. — Sped n AuHgio wmipni'ccl wltli Hydrogon miuuto, aiul tllO 

1 lines thenisolvns 

often broad and haziy and ill adapted for accurate measureuiunt. 

In the case of the nebulm, Iiowevor, which give spectra con- 
taining sharp, bright lines, Professor Keeler of the Lick Observa- 
tory has made visual observations wliioh fairly compote with 
photographic work. 

642, Spectrograpbic Determination of Radial Velocity. — The 
unsatisfactory results of visual obseiwations led Vogel in 18BH-- 
89 to apply photography, and with immediate success. In tliis 
case the difficulties arising from the faintness of the star .spectra 
can he largely overcome by prolonged exposure, and all nocossnvy 
measui’ements can be made at leisure under the microscopo. 
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Fij^. ITi") (borrowoil by piu'jnirtHioii from Frosl/s traiisbitum of Schoiiior’s 
J slronoiiiicnl Spectmcopi/) shows vory pio’foetly tho actual appear a tuj(i of 
part of the iiegativo of the spectrum of a Aurlgm (Capclla) and the? corre- 
sponding part of tilt* solar spectrum as seen under tlio niioroseopo with 
whicli the meiisnreinoiits aro made. Tlio solar spectrum is, of course, on 
a separate plate, but this plate and tlie star negative aro clauipud tog<}tlH3v 
so as to Jiiakc the lines correspond and facilitate tlic idontitication of linos 
in the star spectrum. (Xote in passing tlio perfect correspomlonoe betwoou 
tlm spectrum of this star and that of the sun.) The sharp black lino 
wliich ci'osscs the imviw star spectrum is the “ Hydrogen y " bright lino 
ill the spinstrum of a (-ieisHler tube placed in the cone of rays about 2 feet 
above, the slit-plato and illuminated by clootricity for a few seconds at 
different tiini'S during the long exposure (an hour or so) which is required 
for the star spi'ctnnu, 

One secs easily that in this (sise the star line is shifi.ed slightly to tho 
rigid', but it appears to be so jiotwly do (1 nod that aceurato measuremenl; 
wonlil be difliculi. For the methods by wliich this ditnculty is overcome, and 
for the corrections required on account of the motion of the earth and othoi’ 
causes, the reader is referred to the book from W'hich tins ligurc is taken. 

Fig. 170 is I'roiii a pliotograpb of the new I’otHdam .H|)eetrognipli, 
attiuilind to tlm great lelescojie sbow’ii in the frontis])ieee. It is a nmoh 
inore powerful and perfect instrument than that used by Vogel in tlio 
work above mentioned. 

In 18fSi) the probable error of a determination of radial velocity W'aa 
about a mile a second ; at prosont (1002) it docs not exceed uno fourth o:l: 
a mile for tho best observers and instrninents nndor favorable conilitions. 

Table V of the Appendix iirosontH tlio results of 'V ogol for 
the fifty-oiio stars tliat lie had been able to deal with up. to 
1892, with tho addition of one or two from other observors. 
Mis telescope liiid an aperturis of only 11 inelics, ^vllit!h limited 
him to the brigliter stars. It has now lieen rephused by the 
muoli larger instrument, ligured in the frontispiece. 

Tho maximum velocity iudieated by his observations of 
1888-89 is that of a Tauri, 80.1 mile.s a second, recGcling. 
Tim next in order is that of 7 Loonis, 24,1 miles, approaching. 
lUdopolsky, at PuUcowa, has since found for ^ Ilereules tlio 
higlicr velocity of 4d: miles, approaobingj and Campbell, at tliu 
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Lick Observatory, finds for fi Oassiopeiro tho stiU higUor velocity 
of 61 miles, also approaching, and for S Loporis and 6 Cniiis 
Majoris a nearly equal receding velooity. 

Since 1890 the same line of work has been taken up sucooss- 
fully l)y many observers, especially by Belopolsky at rulkown, 



Fia. 170. — Tho Now Potsdftin Spectrograph 


and in this country by Keeler and Campbell at tho Lick 
Observatory, and by Frost at the Yerkesd Fig. 177 is onlavgod 
from one of Frost’s photographs of the speotruin of Folarifl 
(a positive in this case) compared with that of tho metal iitanhim, 

» See Fig. 180, on page 606, for tho Yevkca spootvogmph, 
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which has been found specially advantageous for such compari- 
sons. In this case, the radial velocity of the star is so small 
(about 8 miles a second) that the shift of tlio lines in the 
figure is liardly perceptible to the eye. 

Observations by Humphreys and Mohler of Baltimore in Ciuisuh 
1896 (already mentioned in See. 266) show that under lieavy 
pressure the siieotrum lines of many elements shift slightly results for 
towards the red, very much as if the luminous obiect were 

^ inolioH. 


iNfotal 

Star 


Mutnl 


receding. Tlio shift under a given pressure is, however, dif- 
ferent for different substances and for different lines of the 
same substanoo. It is always minute, never, oven under a 
pressure of ton or twelve atmospheres, exceeding the displace- 
ment that would he due to a receding velocity of 1 or 2 miles 
a second, hut it is quite sufficient to require to be examined 
and taken into account in all applications of Boppler’s prinoiplo. 

643, The Sim’s Way, or Motion of the Solar System. — The 'J.'ho Bun'« 
sun, like other “stars,” is traveling througli space, taking with 
it the earth and the planets. 
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Sir William Hersclicl was tho lii'sl to investigate and deter- 
mine the direction o£ this motion, more than a centiiiy ago. 
The principle involved is this : the apparent motion of a star 
relative to the sun is made up of its over real motion oombinetl 
with tho sun's motioji reverMih If tho stars, therefore, were 
absolutely at rest, they would apparently all drift bodily in a 
direction opjjosile to the sun’s real motion. If, as is tho fact, 
they themselves are in motion, and if their motions are iudis- 
crhninately in all possible directions (an assumption probable as 
an approximation to the truth, but winch can hardly bo proved 
as yet), there will be, on the loliole^ a similar drift. Those in 
that quarter of the sky towards which we are approaching will, 
on the whoUf open out from each other, and those in tlio renr 
will close up behind us, while in the region of tho sky between, 
thoy will, on the whole, drift backwards, — just as one walking 
in a park I i lied with people moving indiserhniimtely in different 
direotions would, on tho whole, find that those in front of him 
appear to grow larger, ^ and the spaocs he tween them to open 
out, while at the sides they would drift haekwards, and iu tho 
roar close up. 

Again, from the radial motions of tlio stars spoctroscopically 
moasurod a result can bo obtained. In tho portion of tho 
heavens towards which the sun is moving the staus will, on the 
whole, seem to approach, and in tlio opposite ([uartor to recode. 

The individual motions, proper and radial, lie in all direc- 
tions; but when we deal with them by tlio thousand tho indi- 
vidual is lost in tho general, and tho prevailing drift appeal's. 

jVbout twenty different determinations of tho point in tho 
sky towards which the sun’s motion is diruotod havo been thus 
far made by various astronomers. Tlioro is a reasonable acoorcl- 
anee of results, and tbey all show that tho sun, with its 

1 "I’hGovoLlcally, of coavso, tlio stars towarda which wo avn moving must 
appear to grow hriffhter as well as to drift apart, hut tliis chango of brlglitness, 
though veal, la oiitiroly imporeopllblc wltliln a Imnian llfotinic. 
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atfcemlant planets, i& movhu) toioardn a jmni on the honUrs of the 
constellation of Ilercules^ having^ aceordhuj to Mtwaomh, a right 
ascension of about B77° and a declination of about 36°, This 
point is called the Apex of the sun's way, 

Tliero is, however, a curious systematic difference between unooriainiy 
the results obtained by comparing the proper motions of stars 
that drift very slightly with those that drift more rapidly. 

Dividing them into four groups, some 650 of tllo slower stars 
give for the “ apex ” a declination of about 42“, those of the 
next grade of about 40“, those still nearer about 35°, while 
tliose that arc nearest us, or at least have the largest proper 
motion, push the point still nearer to the equator, to a declina- 
tion of about 30°. Tim right ascension deduced for the apex 
shows no such systematic discordance. 

Tliis probably indicates that the motions of the stars are not 
absolutely indiscriminate, but that those that are near to us 
have some common drift of their own. 

As to the velocity of the sun’s motion in space, the speotro- Voioulty 
scopic results, wiiicli are on the wliolo more trustworthy since 

, . , . 11. i. 1 .1. 

tlioy involve no assumption as to the distance of tho stars, indi- scoomi. 
cate that it is about 11 miles a second,^ which probably is very 
near tho truth, 

644. The Imagined “Central Sun.” ^ — Wo mention this .sub- N<ieouimi 
ject simply to say that there is no satisfactory foundation for 
tlio belief in tho existence of such a body. The idea that tho 
motion of our sun and of tho other stars is a revolution around 
some great central sun is a voiy fascinating one to certain minds, 
and one that has been frequently suggested. It was seriously 
advocated half a century ago by Macdlor, wlio jilacod this center 
of the universe at Alc 3 ''one, tho principal star in the Pleiades. 

It is certainly witliin bounds to deny tliat there is anyooh- 
elusive evidence of such a motion, and it is still loss probable 
that the star Alcyone is its center, if the motion exists. (But 
see Sec. 009, last paragraph.) 
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So far as wc can judge ab presonl, it is inosl> lilctdy llial Uio alava aro 
moving, not in rognlav closed orbila avouiid any center \vliatevoi‘j Inil- 
rntliev as bees do in a swarm, — each for itself, under tho action of Un> 
predominant attraction of its nearest neighbors. 'Plie solar syslejn is an 
absolute monarchy, with the sun supreme, 'Pho great sfrllor systoin appeai'M 
to be a republic, without any such central and domiiniut authority. 
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PAIiALLAX AND DISTANCE OF '.PHE STAKR 


545. Heliocentric or Annual Parallax, — This has alrotidy 
been defined (Soo. T8) as the difference hetween tlie dlrocticiu 
of a star seen from the sun and from the earth) which diffovoncU) 
if tile star is not at tho pole of tho ecliptic, varies thrimgh- 
oiii the year with an annual periodicity. In the case of a hUiv 
tliG geocentric or “diurnal” parallax is absolutely insonsihhs 
— hopelessly beyond all present power of measurement. 

AVhen, therefore, we speak of a sifwT parallax tho heliocen- 
tric parallax is to be understood, Morcovor, uu1c8,m othonviso 
clearly indicated, the maxhnmi yeXwo, of tho star’s holiocontrhs 
parallax is always meant. Twice a year tho earth is so silualud 
that the sun and star are 90® apart in the sky, when tho longi- 
tude (celestial) of the sun is 90° greater or less than that of the 
star. At that moment the radius vector of the earth’s orbit is 
perpendicular to a line drawn from the earth to tho stars and 
the star’s annual parallax has its greatest possible value. 

The parallax of a star may therefore bo defined, as the term 
is ordinarily used, to be the angle suUended hy the sevn-mi^jor 
axis of the earth's orbit tvhen viewed perpendicularly from the 
sta)\ In Fig. 178, 11 is the distance from tho earth to the sun, 
D from the sun to the star, and the angle p is tho star’s paral- 
lax. If we can measure p" (Le., p in seconds of are), tho dis- 
tance of the star at once follows from the ec[Uation 


71 


H. 


= i? X 


206266 


sinp" p” 

7? being the radius of the earth’s orbit, 93 000000 miles. 
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546. The Star’s Parallactic Orbit. — Wo may look at the Pamiiiuiiit! 
matter differently. In aooordance with the principle of relative 
motion (Sec. 354), every star really at rest (lesiving aberration 
out of the account at present) must appear to us to move in 
a little “parallactic orbit” 186 000000 miles in diameter, the 
precise counterpart of the earth’s orbit, and having its plane 
parallel to the ecliptic ; in tliis little orbit the .star keeps always 
opposite to the earth. If the star is at the polo of the ecliptic?, 
wo SCO this parallactic orl)it as a circle ; if in the ecliptic, edge- 
wise, as a sljort strjiiglit line; in intermediate (celestial) lati- 
tudes, as an oval. 'The semi-major axis of this {ipparent paral- 
lacstic orbit is, of course, the star’s parallax. (In Fig. 178 the 
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dotted oval is the parallaotie. orbit of the star s, as seen from 
the solar system.) If the star is drifting (proper motion), this 
motion will, of oourse, be combined with the parallactio move- 
ment, but tlio two can easily bo separated by oalculation. 

l.^or a Centauri, which is our nearest neighbor among the »ruxlmnMi 
stars so far as we know at present, the parallax is only 0".75, 
and there are Imt seven other stans winch are known to have a known, 
parallax as largo as 0".3. Inde(id, the whole nnmhor of tlioso ® 
whioh tu’o fairly determined to have a parallax of O'M and over 
is less than forty. 

647. Unit of Stellar Distance; the Light-Year.- — The distances 'riio UkIii- 
of the stars are so enormous that the radius of the earth’s 
orhit, the astronomical unit liitborto employed, is too small 
for a cojivonioiit measure. It is better, and now usual, to 
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takt) ns llie unit of stellar flistaiiee the so-eallod “liglil-ycar,’^ 
the distance which light travels in a year, — alioiit sixty- 
three thousand^ times tlio distance of the earth from the auu. 

A star with a jiaiulhix of one second is at a distance of 
206266 astronomical units. Dividing this by 03000, wo find 


its distance in light-years, 


a.20 

P” 


A star with a parallax of half a .seoond is at a distance of 
6.62 light-years, and a star with a parallax of one tenth of ii 
second is at a distance of 32.0 light-years. 

So far as can be judged from the scanty data avuilnhle, it 
appeals that few, if any, stars are witliin a distaiuie of three 
light-years from the .solar system, — not one has thus far boon 
discovered; tliat the naked-eye stars are jirobably, for llio most 
part, within two or three hnndved light-years; and that nmiiy 
of the telescopic stars must ho some thousands of years away. 

'Table IV of the Appendix contains a list of tho paridluxoa 
thus tar best determined. 

548. The Determination of Stellar Parallax. — It is obvioim, 
therefore, that while simple enough in principle, the inoasuro- 
mont of a .star’s parallax is pi'acUeally one of tho most doliunto 
and dilVicult of all astronmnienl operations; and there is no way 
at present of evading tho didiculty or ‘‘ Hanking tho ]>osiliont** 
so to speak (as in the case of tho solar parallax), hy inoaaunng 
the parallax of some near ohjeet or utilising oiir knowledgo of 
tho speed of light. 

Many atlcinpis Avore made by early astronoiuors to inoaauro 
tho parallax of .stars, but with no real sneeess until Boasol, in 
1888, succeeded in dotormining tho parallax of 61 Cygni, a 
little star of the sixth magnitude, which had for some Uino boon 


1 Tills immljor la tonml by (livkllng Iho iminbor oX aecoiuls in a sUlcvonl year, 
8l6681>lfl, by 101), tbo mnnbei' of ai'ceislB roqulretl by light In travel from tlin 
sun to tho oju'lli. Tho exact ijuolU'ut is (1321.'). 'riui llgbl-yonv lumvs (o thft- 
aaU’'Ononilcnl unit nlinoat oxncUy tlio aaiuu ratio aa tho in Ho to tho inch. 
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interesting iistrononiers on account of Us groat proper motion 
of B'' a year. Ho made his ohservations witli a lioliometor and 
ascertained its parallax to be about half a second, but more 
recent determinations bring it down to 0".40. 

Almost simultaneously Henderson announced the parallax of 
a Ceutauri as O'Mb according to meridian-circle observations 
at the Oape of Good Hope. Tlu) star lias a large 2 )ropoi’ 
motion and is one of the brightest in the heavens, hut is not 
visible in our latitudes. It still liolds its place as our nearest 
noiglibor, tbougb later observations .show that its parallax is 
only 

Two motliocls of procedure have thus far heeii ii.sed, known 
as the ahsohUe method and the differ ential method. 

649. The Absolute Method. — This consists in making Avith a 
moridian-eircle, or some equivalent instrument, nuiuorous obser- 
vations of tiio star’s ajiparent right ascension and deelination 
throughout tlio j^ear, especially at the two seasons when the 
parallax has its largest value. 'These observations are then care- 
fully corrected for aberration, .precession, and nutation, also for 
the star’s proper motion, and for any known eiToi‘.s duo to tlio 
aotion of tlie seasons on the instrumont. If the observation.s 
and their eorreetions ans perfectly acourate, they will give a 
set of .slightly different positions for the star during the year, 
which, Avhen plotted, will all fall on. tlui cireumferonce of a libtlo 
oval, — the star’s “parallactic orlnt.” Oiio half the angular 
length of tlu) orbit Avill bo the star’.s parallax. 

But the corrections to be apj)lied to the observations ai'o 
enormous compared Avitli the parallax itself. While the paral- 
lax is only a fraction of a second, the aliorration corrections run 
up to 41". The instrumental eorroetioii is especially trouble- 
some, because it runs its course yearly, just eis the parallax, does, 
and any outstanding error confounds itself with tlio pawillax in 
a manner almo.st inextricable. Honeo, comparatively little sne- 
ce.ss has attended operations of this sort, though it was by such 
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observations tliat the parallax ot a (leiituuri waa first dcteotod, 
as already stated. 

550. The Differential Method. — This consi.sts in determining 
the position of the siiapected star at different times during, the 
year, not absolutely, bn t ^v^th refereAioe to the smaller stars 
enthj near it, though ^iresimaUy at a c/reat distance beyond. This 
almost entirely obviates tho dilli(inlty duo to aberration, preces- 
sion, and nutation, since these affect all the stars concerned in 
the operation nearly alike ; the observations therefore need cor- 
rection only for the difference between tho aberration, etc., of 



the investigated star and tliat of each of ite neighbors, and this 
small differential cori'eetion can be easily computed with very 
great accuracy. To a considerable extent also tlie method 
evades the effect of refraction and tlmt of temperature disturb- 
ances upon tho instrument, since any displacement of the instru- 
ment does not perceptibly affect the relative position of tho stars 
seen through it. Per contra, the method measures, not the whole 
parallax of the star investigated, but only the difference between 
its parallax and that of the stars with which it is compared. 
Suppose, for instance (Fig. 179), that in tho same telescopic 
Held of view we have tlie star s, whicli is near us, the stars 
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X and wliioli are so remote that they have no sonsihlo parallax 
at all, and the star wliich is more remote than h but has a 
sensible parallax of its own. a and z will deseribe tluur x)ural- 
lactio orbits every year, just alike in form, and parallel, but the 
orbit of s will be mueh larger than If now, during the 
year, we coiitiniiall}'’ measure the distaiieo and tlie <1ire(3tion from 
:r or y to the apparent plaees of « and z in their parallaetie orbits, 
the results will give us tlie true dimensions of thoir two orbits. 
If, liowever, wo hud taken z as the rofeveiujo point from \vlnoh 
to measure the parallaetie motion of «, we shoiild luivo found 
loss than the true value, as is obvious from the figure. (Con- 
sidering only the measures made at tlio moments when a and z 
are at the extremities of their parallaetie orbits, tlie lines I’oally 
measured from the star « to s will ho m and/?a If we assunio 
that tlie parallax of z is insensible, that its parallaetie orbit 
is a mere point, these meiusurod lines must ho use<l in computa- 
tion as if they wore reekoned from tlio point z and wove zo and 
z(i; tlie major axis of the parallaetie orbit of .s would then ooino 
out as fld instead of «?>, and the comimkd pai’allax v.s will bo less 
than the true parallax as by the amount ao, Avlncli equals cz^ the 
parallax of z, 

It follows that if the measurements are absolutely accurate, 
the parallax deduced by this method cun nevui' he too largo, 
but may bo too .small, — tlio distance of the star will bo more 
or loss exaggerated. If, liowover, the small re fore nee stars are 
so remote that their parallax and proper motions are I’cally 
insensible {%,(>,■> less than O'tO'L), the elumges in the relative posi- 
tion of the star under invcjstigation, after tlio ooirectioa for 
its proper motion has been apiilied, will be duo simply to its 
parallax, 

661. Instrumental Work. — If tlio comparison stars are very 
near the one under investigation, the noceasary measure- 
ments may be made with the filar micromotor; hut if the dis- 
taneo exceeds a few minutes, we must resort to tlio lielioinoter 
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(Sec. 72), witli Avliioli Bessel first succeeded, or we may employ 
photograph)’;, which the late Professor PHtehard at Oxford lias 
done ^Yith some success. This has the advantage over tho 
heliometer that the actual observations (in taking the photo- 
gi’aphs) can be made mucii more rapidly than the helioirudor 
measures, and the subsequent measuromoiit of thy pliotogruph 
can be made under the microscope at leisure; mort'over, the 
suspected star can he compared with a ooiisidei'ahle iminlKU' o( 
others, while the helio meter is usually limited to two or throis 
on account of the long time required to make (mob oomploto 
measurement. On the other hand, when the suspected star is 
much brighter than the reference stars its photographic imago 
is so Targe and ha«y as to render the measures of its position 
difficult and uncertain. 

On the whole, the differential metliOLf notwithstanding tlio 
fundamental objection wliich lias boon mentioned, is at jn'esonl 
much more trustworthy than the ab.soliite. 

Negative Parallax, Now and then it happens tlmt the olwor- 
vations appear to show a small negative parallax for the star. 
This may indicate simiily insufficient accuracy of observation or 
computation, or, if the observations have been niiide liy the 
differential method, it may mean that the invcstigateil star is 
really begond the comparison stars and tliorofore lias a larger 
parallax than they, so that the difference between its parallax 
and that of the comparison stars comes out negative. Of course 
a real “negative parallax ’Lis impossible. It would moan, us 
some one has said, that “ the star is somewhere on the other 
side of nowhere.” 

562, Selection of Stars to be examined for Parallax, It is 

obviously necessary to choose for observations of this sort Htiirs 
that are presumably near. The most important indication of 
proximity is a large proper motion, It is easy to see that if the 
observeiMvere brought nearer to a star, tlie rapidity of its appaiv 
ent drift across the sky would be increased; and accordingly it 
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is praotioally cortiiin ilmt tlio stiirs of liii’go i)i'op(jr inotioii avemjV. 
nearor than those for 'whioli the inoticni is smaller, though the 
indication is not to bo dopcndcd on in any iudividual oaso : 
if a star liappened to bo moving dircustly towards or from iis, 
its proper juotion would bo Z(3ro, however near it might bo. 
Jlriglitjioss is, of course, also (iouiirmatory, but nearly all the 
bright stars have been already attacked. 'I'lioir uunib(!r is not 
very great, and the majority of tlu^m turn out to be much further 
awu)’’ tliun (51. ('ygni. Among the millions of faint stars it is 
fpiito likely that some ftnv individuals at least will ho found 
nearer than (5V(in a (kmtauri. 

663, Possible Spectroscopic Method of the Future. — It will 
appear later tliat in tlie (;ase of (((irtaiii binary stars (.See. b87), 
whieh have the plane of the oi'hit nearly d ire etc d to the sun, 
tiio spoeti’oscop(5 will enahh; us to determine the a(}tual speed 
with whieli they move in this orbit and tlio truo dimonsi(ms of 
the orbit in miles. Combining tliis with the (q)par{mt dimfi'iv- 
dom of Umr orhits in miomh of oroy it will bo possible to ooni" 
])Uto their distanee far more aeeuratoly than by any direct 
jnoasure of their parallax. 1 hit it will ho many years yet boforo 
the neoessaiy measures eaii beeomo available in more than ouo 
or two install OGS, since the orbital 2 )eri()ds of the binaries 17111011 
have an aiiparent orbit of measurahle size are mostly long,, 
ranging from twenty years to several liundred, and the orbits 
that lie in a favorahlo |)Osition are not numerous, 

664, General Conclusions -“It is obvious that the data so far 

obtained arc too seanty to warrant many general oonolusions. 
Wo have not a sunieiont numhor of well-dellned parallaxes to 
furnish a safe basis for averages, . — say forty or fifty only, — and 
the .sin idler ones among them are subjeot to a tn'obahle error of 
at least twenty-live per oont. Consequently all ealeulationa ns 
to mass, briglitnesH, ole,, of mdivuhial atim are likely to dilTer 
widely from the truth. It is, Imwever, already clear that, taken 
ill olasHOs, the stars of large proper motion average the neaiust, 
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the clisUincG being roughly inversely proportioniil to Iho ai)[iai’on t 
rapidity of their drift; and, further, that on this iissuiiiptiou tho 
majority of tho stars must be at a distaneu greater than iifty 
light-years, and tho remoter stars in all likelihood many tiirn^H 
more distant still. 

Something similar appears to be true in the relation between 
the brightness of the stars and their tliataneo. 

Kapteyn, from stellar parallaxes already dotermiiuul, hIhu 
finds evidence of a roughly uniform distribution of stars in 
space, leaving the Milky Way out of the que.stion. 

Another interesting fact appears, vi/,., that the stars wlilidi 
show a spectrum like tho sun’s are on tho average nuuih miarni* 
than the so-called “ Sirian ” stars. 

But tho student must be warned again that ho cannot snfol^' 
apply to individuals the results of such general averages, A ny 
small star is not at all unlikely to be really brighter and larger 
than a bright star near it, just as in the case of two person.H, 
one a youtli and tho other a man of mature ago, it would ho 
unsafe to predict from the mere diffei'ence of ago which would 
have the longer life. 


EXERCISES 

1. Ass inning tho parallax of 01 Cygiii tin 0".d0, and that H in ap)u*iUMrli- 

ing tho sun at tho rato o£ Od.5 miles ti second, how many yinirs will it 
bo before its brightness is increased 10 per cent by tlio dimimitum of Um 
distance? Ans, SOno yoaiM. 

2. Assuming the distance of 01 Cygni ns 8.10 light-yoai'H, and tiiiiL Hh 
radial and “ fch wartwise '* velocities are M.O and 88 miles a wjimnd, roHptii!- 
tively, fiml liow near tho star ^Yill oomo to the sun if it keeps up LIuh inoticm 
uniformly, and how long it will take to roach tliis point of lujarest apprmudi. 

I approach, 0.08 liglit-yiuirM. 

( Time, 1 OlloO j'oai's. 

3. Make tho same calculation for a Aquilas, assuming its parallax aa 
0".20, its proper motion ns 0'',06 annually, and tho rato at which it is 
approaching as 24 miles a second. 
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4. Wlmt Nvould bo tho liitnn r(;(][uir{!(I Lo nuiki'. llio joiiviKiy t<t Siriu.s 
(piirallfi-x 0" 5i8) at tlio rates of (U) inilos a Koesoiiel, and llio I'urc! at 1 coiit a 
milo V 

6. ])oiliusi5 lliis foviiiulio (jf )Soo. “)•[(), viz.; 

0 (milos yor sesooiid) = 2,0 I'I ^ =: (I.DOJi y x /ii, 
iialiig this (lata of .Sesos, irl()-5‘l:7< 
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CHAPTER XIX 


The six 
magnitudes 
of uakort- 
ojro stars. 


Fr notional 
niagiiitudofl. 


THE LIGHT OF THE STARS 

Tho Light of tiio Stars — MagnlUulos ami lirlghtiioss — ('olovnnd ITeat — Siioeli'U - 

Variable Stars 

555, Star Magnitudes. — Tho term “ magiiitiiths” as ttpplitul 
to a star, refers simply to its brightness and has nothing to tin 
with its apparent angular diameter, Hipparchus and PtoUnuy 
arbitrarily graded the visible stars into six magnitiuhis, tlio stnra 
of the sixth being the faintest visible to the oyo, wliilo tho lirsl 
magnitude comprises about twenty of tho hriglitost. Tlnn’o is 
no known reason why si:v clnvsses slionld liavo boon (ionstyt utod 
rather than eiglit or ten, unless perluips tlui physinh)gi(!al oiio 
that ordinary eyes do not easily rocogni'/.e diiforemais of bright- 
ness snhioiently small to warrant a more rolinod HulnUvisioii. 

After the mvention of the telescope tho same .systoui waa 
extended to. the smaller stars, but without any goma’al agrno- 
ment, so that the magnitudes assigned by different ohaorv(U‘rt 
to tele>scopio stars in the early part of tho oentury dlifor ouor- 
inously. Sir William Herschel, especially, used very high num- 
bers, his twentieth magnitude being about tho same m t!io 
fourteenth on the scale now generally used, which nearly corre- 
sponds with that which was adopted by Argelander in his groat 
DiircJmiisterunff (Sec, 588). 

Of course the stars classed together under one magnitudo tiro 
not exactly alike in brightness, but sliade from the bright to fclm 
fainter, so that exactness regniros tlie use of fractional niagfii- 
tudes. It is now usual to employ decimals giving (ho bright- 
ness of a star to the nearest tenth of a magnitudei M'Iiuh, h 
star of 4.3 magnitude is a shade brighter than 4.4, and so on. 

500 
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A iMHMilinr nolifitioii was employed by Plobiiny and used by Argebiinler Argclanflov’s 
in bis IJmnomeh'iu ^ Nova. Ifc recognizes ihirds of a inagnitudo as t iie pwadiar 
amallest sidali vision. Tima, 2, 2,.'], 5{,2, and 3 express tlie gradjiUoius 
between aecoiid and tliird inagnitnde, 2,3 being applied to a star wboatJ 
brjgbtncsH i.s a little inferior to tbo second, and 3,2 to one a little brigliler 
than the tliii'd. Nolo. Ike coNimu; 3,2 (3 comma 2) nnust not be confounded 
witli 3.2 (3 paitU 2): the lirat nieana 2| magnitude, tlio otJior 3/o mug- 
nitude. 

566. Stars Visible to the Naked Eye. — Heis ouuinoratos the 
.stars clearly visible to the naked (jyo in the part of tlio .sky 


north of 85“ south dottlimitioii, 

as follows : 



l.st nmgiiitudc . 

. . .M 

dth miiguitudo . 

. , 313 

Numltor of 

2d “ 

. . fH 

bib “ 

. . H5d 

viHiblo Hlai's 

' 3d 

. , 1.52 

(ith 

. . 20.10 

of thodiffor- 
oiit ningiti- 

'I’oliil 

AecoriUug to Newcomb, tho number of .star.s 

. 3301 

of each magiii- 

tudos. 


tilde is Kiieli that united they would g'ivc, roughly speaking, 
a.l)Out the same amount of liglib a.s tbat rceeiveil from the aggre- 
gate of those of the next brighter magnitude. .Ihit the relation 
i.s very far from exact and fails entirely for the magnitudes 
below the elovontli, the smaller stars being muob less numorous 
than this law would make thorn, 

567. Light-Ratio and Scale of Magnitude, — It was found by 

Sir Jolni Horsehcl al)Out 1.880 that an average star of tho first 

inagnitudo is just about one hmdre.d times aa hrujlit as one of Firsuniagni- 

the auvfh. and that .for tho uakod-oye stars a corrosponding ratio f'do siur 
, t, 1 , . . i 1 n 1 . , , oqimlaono 

liad been roughly maintained liy .former ol).sorvor.s through the luuuimiof 

whole scale of magnitudes, tho stars of each magnitude being »|xtu magni" 

approximately two and one-lmlf times as bright as those of tho 

next fainter. 

Still, on tlie star-maps of A rgolauder. Hois, and others 
long aeoeptod as Htamlards tlioro are notable deviations from 
a oonsistout uniformity, and in 1.850 Pogsoa proposed the 

1 'I'lio lorai “UnuHunoliia” Ims count u» inonn a catalogue of naltod-oyo Slavs, 
like 11)0 uatiUogacH cd lllp])in*oluis, I'tnimny, and Ulugh .Dolgh. 
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“vAbsoliite Scale” of star maf/niiudes^ adopting the fflh root of ofn' 
hundred^ 2.612 +, as the uniform “liglit-ratio,” atljusting tlm lirsl, 
six magnitudes to lit as nearly as [lossiblo tlio magnitiulos of 
Argelander’s Durchmisterung^ and thou carrying forward the 
scale among the telescopic stars. Until abont !lHH5 tins scale 
had not been much used; but it lias been adopted in Urn now 
“ Uranoinetrias ” made at Cambridge, U.S., and Oxfonl, and 
is now rapidly supplanting all the arbitrary Hcaltfs of former 
observers. On tliis scale Aldebaran and Altair arc vtoy nearly 
typical “ fir.sUmagnitiulo *’ stars, and tho two “poinlors” ami 
Polaris are practically “ socond-magnitudo” stars. 

568. ^Relative Brightness of Different Star Magnitudes, -- In 
this scale the “lighWatio” (ie., tho ratio between tho light of 
two stars standing just one magnitude apart in the sisale) is 
exactly VlOO, or the number whose lot/arUhm is i.v,^ 

2,612. Its reciprocal is tho number whose logarithm is D.COOO, 
viz., 0.3981. 

If 6„, is tho brightness of a star of tho with magnitude 
(expressed either in candle-power or some otlior convenioiit 
unit), and if 6^, is that of a star of the 9ith magnitude, the rela- 
tion between their light is given by the fundamental equation 

log h„, - log i {n - TO), or log ^ (n -- m). (1) 

Prom this, conversely, 

(» - w^) = ^ (log i,„ - log 6„) « 2.6 log (2) 

The first gives tho relation between tho brit/htness of two 
stars having a known difference of magnitude ( 7 i--wi); tho 
second the difference of between two objects having 

a known ratio of brightness. 

For oxaiTiple, a certain variabb «fc«r rises m>m imigniLiulns iHitwomi 
tho mimmnm and maximum; how much does its briKlituoss iam-onHoV 

log — =: log of increase of brightness =5 — x .7 .■=? a. aeon. 
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Looking in tlio tiiblo of logitritluns, wo lind (5 111 coiTesiioiuliiig l« tlijH 
logiu’ililiin, 2.8000 ; j.fl., fclio star iucroa.sc8 in briglitii(3s.s 081 times. (Foiir- 
placo logarithms uro iilwaya suillciont.) 

Again, Jfova I’orsiii iiuiroased in brightness 20000 time.s betw(!Oii Feb- 
ruary 20 and 22, 1001; how iminy magnitudes did it rise? From equa- 
tion (2) tJm rist) in juagnitude 

(m “ m) = log 25000 == ^ X '1,8070 =: 1 1 magnitudes (nearly) . 

I f tlio star wor(3 of the (devtiutli magnitude on February 20, it was of tlio 
zero inagnitiulo on tlio 22<l. 

It is an infolicity of this scalo that tho nuinorical inagnitudos 
(lo(5roa»o with tlio brightnesH of tho objoot, so that a star which, 
like Aroturua, is ono inagiubmlo brightor than Aldobaran or 
Altair is of tho m'o magnitude, while CatioUa and Voga mo 
of magnitudo 0,2. In the caso of tho tAvo brightest stars, 
Sirius and Oaiiopus, avo run past tho zero into negative num- 
bers, tho magnitude of Sirius being — 1.48, That of .Jupi- 
ter at opposition is about — 2, i,e,y throe niagnitudos brighter 
than Aldoharan, On this scale tho sun is about tho — 26.8 
magnitude. 

659. Telescopic Power required to show Stars of a Given 
Magnitude. — If a good telescope just .sIioavh stars of a certain 
magnitude, then, since the light-gathering pOAver of a telescope 
depends on tho arm of its object-glass (which varies as tho 
square of il-s diameter), avo mu st hav e a telescope Avith its 
aperture largor in tho ratio of V2AT2 (or 1,69): 1, iu order to 
shoAV stars ono magnitudo smaller} ie., tho aperture must bo 
in creased 1.(1 timos (nearly). A tei^fold imrea&a in the diameter 
of an ohject-glam thoorotically carries tho poAver of vision just 
five magnitudes loAver. 

Assuming Avliat seems to ho very nearly true for normal eyos 
and good telo8cope^s, that tlio minimim vidhile for a 1-inch aper- 
ture is a star of the ninth magnitudo, we obtain tho following little 
table of apertures roipurod to sliow stars of a given magnitude, 
tho formula being, — 9 d* X 6 log of aportuj’o (iu 


Zor« mil mi I 
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SLANUAL OV AS'l'llONOAlY 


Slcasui'c- 
ino3tl;» of 
magnitiulcH 
niul briglit- 
noss. 


Extinction 

photomotors. 


Star nmgnlUido . . . 
Aperture, inches . . . 

7th 

O.-iO 

8tli 

o.os 

0th 

l.OO 

mill 

11,50 

Illh 

1 li.5l 

mill 

;(.0H 

Star magnitude . . . 
Aportnre, inches . . . 

JSth 

O.Sl 

Pith 

10.00 

lOtli 

: jfi.OO 

1 

Kith 

S5.10 

' !7lli 
ao.so 

lath 

(Ui.in 


But large telescopes, on acooiint of tlio iiioroasod tliitiUiuiKH 
i]i their lenses, which causes eonsiclerablo absorption of Ughti 
iieYer quite equal their theoretical capacity as ooinparud with 
smaller ones. 

The Yerkes telescope (40 inches ai)ortur(i) will liaindy show 
stars of the seventeenth magnituclo, not (luito one magnitiido 
fainter than the snmllest visible with the. SO-incli Lul(5sct)[)(i at 
Washington. But the number visible in the larger instrument 
is probably fully doubled. 

560. Measurement of Magnitudes and Brightness Until 

within the last twenty-live years all such luoasures (witli a fow’ 
exceptions) were mere eye estimates, and such, when made by 
experienced observers, are still valuablo and much used in 
observing changes of brlglitness, as in the case of variahlo 
stars. 

At present, however, the hriglitnoss and magnitude of all ilio 
principal stars have been determined ins tru men tally by pliolom- 
eters of some kind. Still, even witli photometers, the eye of 
the observer is the ultimate arbiter. 

No satisfactory inoans lina yot booii fouiid for a puroly itiMti'innonial 
measxireiiieut of .starlight, although certain promising uxiici'inujnls havo 
been made by Professor Mincliin in attempting to dtstoriniim the Imni- 
nosity of stars by its (ifCeetin changing tho oloctrioal rcsistaiua! of solenluiii, 
and the method may iiltimatoly develop into something valualile. 

The instruments at present used are nearly all based on one 
of two different principles : 

(1) The Method of Bxtinciion^ in whioh the instrument, by 
varying the aperture of the telescope by an “iris diaphragm,” 
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or by sliding a wodgo of dark glass l)ob)r (5 the cyo, caus( 5 s tlie 
star to grow fain tor until it vanishes. 

A graduation on th (3 sUdor that caiTios tho wedge, or a scale 
that measures tho area of the opening in front of tho object- 
glass, determines the star’s brightness as oonipared with that 
of soino standard star which has biion observed with the same 
a[)paratus ; but tho observations are very trying to the eyes. 

Pritolmvirs iJrnnomdh'iu Oxoniensift m'«s miulr by obsiirvalitiiis witli suish 
a \v('cl/*(;'pluit(uii(!t(!r in lsnr>. 

( 2 ) Tha Method of Miualhation, Tho second class of imstru* 
nionts consists of such as o(j[uali/.o the brightness of tho star 
investigated to that of some “standard star” brought into tho 
same ihsld of view by wsliootion, or, juoro commonly, to the light 
of an “ artiilcial star ” of (jonstaut briglitnoss. 

This artificial star is usually a pinlrolo through whicli shines 
a small lamp (usually a frosted oloctrio lamp) fed by a storage 
battery. Its imago is made to fall into tho field of view close 
by that of tlio star to h(! measured, and its brightness is varied 
at pleasure by sliding a wodgo in front of tho pinliolc, or l)y a 
polarization arrangement consisting of a pair of Nieol prisms, 
whicjh is 1)0 tier hut more exponslvo. Tlio eye judges wlion 
tho two stars, tlio artificial star and the otlior, arc apparently 
0(pial. 

Witli hwlriniiimlrt of tliis el ass IMokorlng of tlamhvidmi* itiado liia //inr- 
mrd Pltotoon'trii, anil Mailin’ ami lConi[if at Potsdam, ammnvliat la tor, oim- 
alruobnl llmir Ktill iiumi idabiiralo ami acauralo cataloguo of tlm biiglilimaH 
of tliii'ty-fivo luimirod stara abiivo tlio sovuutb niagni tudo, north of tlio 
equator. 

n 10 tome trie ohsorvations in many oasos rotpiiro largo and 
somewhat uncertain eorreetions, espooially for tiie absorption 
of light by till) atmosphere at dilferent altitudes, and tho 
final results of different observers naturally fail of absolute 
ticoordanco. Still, tho agreement he tween the different rocoiit 
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photometric catalogues is remarkably close, — goncvally betwcon 
one or two tenths of a nmgnituclo, though with occasitmal 
notahlo exceptions. 

Differences of color embarrass photometric meavSuremoiit'S 
made by either of the methods described, because it is inipos- 
sible to make a red star look identical with a blue one by tui.y 
mere increase or diminution of brightness, and hocanso different 
observers differ in setting the index of an extinction pliotoniotor 
according to the color of the star. Some ayes arc abnormally 
sensitive to blue light, some to red. 

Stars (liffcr considerably in color. Tlic majority aro of a vory piu’o 
white, like Sirius, but there are not a few of a yellowish hu(', lil:o Uapolln, 
or 1 eddish, like Arc turns and An tares, and there arn otliers, mostly hi null 
stars, ■which are as red as garnets and rubies. AYo also have, nasoeialed 
with larger stars in double-star systems, nuniorous small stars w'hich are 
strongly green or blue; and a few large stars, Vega for instance, arc tlis- 
tinctly of a bluish tinge, like an electric arc. 

56L Photographic Photometry. — It in found that, excepting 
certain strongly colored stars, the diameters of tho star iimigoa 
formed upon an isochromatio plate with a given oxpoauJ’C imvy 
he taken as a measure of their relative brightness ; tho rcsiill is 
made more accurate if the stars arc allowed to trail slightly 
upon the plate. But caution must be used in taking tliosQ plup 
tographic magnitudes as corresponding to tho visuals tho din- 
crepancies are numerous, and sometimes largo, bGcause stars of 
different colors impress their images very difforontly, oven upon 
plates of the kind referred to. In studying tho ahauga of 
brightness of a star the method is often highly advantageouB, 
as, for instance, in the case of Eros (Sec. 428). 

663. Starlight compared with Sunlight. — Zollner and otliorH 
liave endeavored to determine the amount of light rocoivod by 
ns from certain stars, as compared with the light of tho sun. 
T-he measures are very difftouli and the result considoiubly 
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unoortain, but, aooordiug to Zblluor, SiviuH givoH us about 

7 000 doomiQ Capo 11a anti Vega 

about 4 ^(f|)()(l{")()(T‘ -^(Jcorcling to this, a standard first-magni- 

1 

tudo star, liko Altair or Ald(3barau, gives us iibf)ut i^)7^<7Q'(y(](i<T’ 

and it would take, the ro fore, about eight billions (Knglisli), i.o,y 
about eight million million, stars of tlio sixtii magiiitudo to dtj 
the saiiio. Hut tlio various dettirminations for Vega rango all 

the way from (joo'n,) oonooo hbooirniijiloo* 

Assuming wliat is I'luiglily 1ml ty no nudiiis Hlntslly trim, Uiat Avgu- Totiil 
lamlcv’s miignituilos iigu’u with llio a))S(>Iut(! shuIk, it appears, on th(3 hiists «tnouiit«f 
of /irillnur’s immsiu'dintmls, that tlui OL'tOdO stars of Ids .Ditrchmusleruntf, 
all of thorn north of tlio coleslial etiuator, giv(i a light about cnuivalonl to 
U K) or UoO lirst-inngiiitmlo stars. 

IIow imiiih liglit is given by stars sinallev tlian tbo niiuj and nno-haif 
niagnilnde (whieli was Ins limit) is not ec.rliiin. It must greatly oxtfoocl 
that given by tlm largtir .star.s, because tlie total light gh'on by the stars of 
eat5h inngnitutli3 is always wsveral tinms as gmat as thivt gmm by tho stars 
of tbft preceding muguitudin As a rough guess, we may peri laps estimalo 
that tlio lotal starliglit of botli tho northern and soullifli’ii homisphercs i« 
eipuvalont to about !)()()() stars liUo Vega,* or IhOO at any one tiiiio, 

Acitording to this, tlie starlight on a clear night is about Ar of tho ligltt 
of the full moon, or about oj- oo’ooao' sunlight, lint tliis estinnitc is 
Imrdly moi'e than guesswork, ft is pretty certain, howevor, that more 
than half of this light comes from stars whiidi are ontirely invisible to 
tlie naked eye, 

563, Heat from the Stars. — Dnuhtta tlio stamstnid m heat, fiieiiar boat, 
and vory liltuly tho proportion of thoir heal; to solar* boat is 

* According m Neweoiuh, In an important paper just publlalicd (January, 

K)()2), “’i'/io loliil U(/hl of till the HlnrH is uboiti equal lo thal af 000 sUm of ma{f- 
iiibido 0^ with a pYohahla error of one fourth of Us whole amoiinl,** 

'.riiia Is equivalent to about IfiU Vegas itiHtoiul of 3000, 'I’lio dlsurcpancy is 
mainly due to a much lovi’or oslimato of tlio light from stars bolow tho ninth 
magnitude, Professor Newcomb, however, thinks tlio truo result Ukoly to ho 
larger rather than smaller than the ono ho has given, 
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about tlie same as that of starlight to suiiligltt. VurinUH 
attempts have been made to measure it, but the {umtunt is so 
small that until very recently no apparatus has bo on louiul 
sufficiently sensitive even to detect it. 

About 1870 Huggins and Stone in Hnghuid thought that 
they had found distinct iiidicatioibs of stelUir heat by the 
thermopile, but later work showed that tlie results were not 
reliable. About 1890 Boys, with his radiometer, attcmpUal 
the problem and obtained distinct indications, but could imiko 
no real measurement. In 1898 and 1900 Professor Nichols of 
Dartmouth College, working at the Yerkes Observatory vdtb a 
radiometer from twelve to twenty times as sensitive as tliat of 
Boys, succeeded in getting distinct deflections upon Ids .suale 
from the rays of Vega, Arcturus, Jupiter, and Saturn, iiidicul- 
ing heat radiations in the ratio of 1, 2.2, 4.7, and 0.74, rcsiiuc- 
tively, after correction for tlie different zenith-distanees of tlio 
objects. That is, Arcturus appeared to give 2.2 tiine.s as mindi 
heat as Vega, Jupiter 4.7 as much, and Saturn ahont 

Tlio observations iuclicato also that Arcturus, in the zuuitli, Htuuls to a 
square foot of the earth’s surface as nmch heat as ’would eoinu to it from 
a standard candle at a distance fi.S luile.s, of Iho vuinllt: fmttf. 

were ahsorhed in passing through the air. 

Under the same conditions the lieat from Yega equals that I'ccoivcd 
from a candle 8.7 miles distant. 

But the correction for the absorption of the candle heat is so uiieoi'taiii 
that these last results are sirhject to largo errors. The scale deiliietiuii in 
the case of Arcturus ’was a little more than a millimeter. 

564. Total Amount of Light emitted by Certain Stars. — When 
^ve know the parallax of a star (and therefore its distanuo in 
astronomieal units or light-years) it i.s easy to oalciilnto its light 
emission as compared with that of the sun. If I bo tlio light 
received from a stor on the earth, expressed in terms of sunliglit, 
and L the light it emits as compared with the sun, lx 
(astronomical units), or (nearly) 4000 000000 (ligli(>yeai's). 
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Similarly /dv other stars: using’ the magnituiles of the .Jftirvard Phn~ 
lomclrij witli (listumioa froiti 'J’altle 1\’’, we got for Foliiris (;j “ 0".(17), 
A ==08; Yoga (/j = (r.10), a Coutanri = (r,7ij). ./; = 1.»; 

70 Oj[>hiu(tlii (/j " O'Mio), X = 0.-11; 01 Cygiii (;j = 0".')0), /. = 0. 10; 
LI., 2127)8 {p = 0".20), L = .J,. 


665. Why the Stars differ in Brightness. — The appannit 
brightness of a .star, ns seen from the earth, depeiul.s both on 
its diMmuui and on the qiutnlih/ of Ik/ht it emits^ and the latter 
dopeixds on the exlent and the lumhumit/ of ilH surface. As a 
class, the bright stars donhtle.ss uveraije nearer to us tliaii the 
faint ojicrt', just aw certainly they average larger in dianxeter 
and ar(i also nioixi intensely luininous. lint when wo eoinpare 
a single bright star with another fainter one we can wtsldnm say 
to which of the three different causes it owes its suiieriority ; 
or that a partieiilar faint star is smaller, or darkcir, or xnore 
distant than a portienlar laiglit star, unles.s wo know sonudliing 
beyond the simple fact tliat it is fainter. 

566, Dimensions of the Stars. — Wo liavo very Jittlo absolntc 
knowledge on ibis snbjeobj in a single iimtanee, that of Algol 
(see Sec. 582), it lias boon pos.sible to obtain an indirect 
measure, showing that that purtienlar star is prolmbly .some- 
what jnoru than 1. OOOOUO miles in diameter and considerably 
bnlku!!' tliau the sun, 

Tile apparent tini/ular' (YumaUiV of a star is probably in no 
case large enough to bo dirootly measured or oven perceived by 
any of our present instruments. At the ilistaneo of a Oentaiii'i 
the suns apparent diameter would be somewlmt lo.4s tluiu 0".01 . 
In the ease of binary stars of which we happen to know the 
parallax:, w (5 <!un detennino tlieir waHHcn^ but dtametei^ volumes^ 
and ihimtin are at prixseiit (piite beyond our reaoli. 
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567. As early as 1824 Fraunhofer observe cl the spectra of a 
number of bright stars by looking at them through a smiill 
telescope Avith a prism in front of the object-glass, using a cylin- 
drical lens in the eyepiece to Aviden the spec tram, which otlier- 
Avise Avould have been a simple streak of colored light. 

In 1864, as soon as the spectroscope had taken its phu'C as tt 
recognized instrument of research, it avrs applied to the Htai'rt 
by Huggins and Sec chi. The former studied comparatively fcAV 
spectra (especially those of the stars a Tauri and a Orioiiis), 
but very thoroughly, with reference to tho idontirication of tludi’ 
chemical constituents. Ho found Avith certainty in their spectra 
the lines of sodium, magnesium, calcium, iron, and hydrogoji, 
and more or less doubtfully a iiumher of other metals. Siscndii, 
on the other hand, examined a great number of stav.s (nearly 
four thousand), less in detail, but Avith roferouce to a classilieii- 
tion from the spectroscopic point of view. 

568. Secchl’s Classes of Spectra, — Sccohi divided the spoctra 
into four classes, as follows : 

(I) Those which have a spectrum oharactorized by rp'eaf- 
intensity of the liydvogen Ztwes, which look very much like 1 1 
and K in the solar spectrum, all other linos boing GOiuparativfd^'’ 
feeble or absent. This class comprises considerably more than 
half of all the stars examined, — nearly all tlio Avh'ito or hluisli 
stars; Sirius and Vega are types, (See Fig. 184, Sec. 571.) 

(II) Those which show a spectrum resemhlincf that of the mn ; 
U, characterized by numerous hue dark linos in it, duo to tlu) 
presence of metaUic vapors. Capella (a Aurigie) and Pollux 
(/3 Gemmorum) are conspicnous examples. Tho stars of this 
class are also numerous, the flrst and second olassos togothor 
comprising fully acA’^en eighths of all the stars obsorvocl. 
These classes shade into each other, however; certain stars, liko 
i rocyon and Altair, seeming to be intermediate between tho two. 
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(III) About live huii(h*i!<l stara show (jhai'tuite.vbitMl by 

dark handa^ aharply dc. fined at the. upper or iiioru rofniiiyildt! edt/e 
and shading out towards the red. Most of the red stars, and a 
largo numbor of tho varitiblo stuns, belong to this olnss, ami 
some of them show also bright lines in tin sir speetni; a Tler- 
onlis may bo taken as the type. {.Se <3 als<j J'^ig. 1H(I, Sets, 57^1.) 

(IV) This clas.H ctsniprises a coinpaintivisly simill iiuiiihor of 
faint stars, which show, like the prcKseding, dark bands, but tsfuul' 
in</ in the opposite direvliony with some times a fe^v bright liiii 5 .s. 



181. •— Stsi'nja’H Tyims oC StolJni' SpofSriv 


669. Tho typical light curves of the four etas.s(3H of spectra 'l*iio iIkIu 
aro roproHontod in Kig. 181, tho dark lines of tins Hiieetrum 
l)Ging indieatod by lines running downward fruiu the eon tour ImilEm 
of tho curvo and the bright linos by liiu's projeetiiig upward. 

Fig. 182, from pliotogiuj)lm by Piokering, gives the Id no and 
violet portions of sjiectra of sovorul stars ranging from tlio llrst 
typo to tho se(5ond. 

Pickering has proposed n fifUi the Wuyviiaifei aUws, 

socallod, — coidaiiiiiig about ono liiuulred members, wliieli have 
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a peculiar spcetmm, dift’cruul; from any of the oUusrs, and 
characterized hy bright lines. All of tiunn are found in or 
very near the Milky Way or in the two “Nuboo\ihn*’ near tho 
soutli pole. 

Vogel uses Secchi’s classification, considerably modi lied, and 
Lookyer has proposed an entirely new one, based on his mete- 
critic hypothesis. We give Secchi’s, liowever, as the best known 
and lying at the basis of the more recent and elaborate clnssifi- 
cations by Pickering and others. Pickering divides yecchrs 
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Plolcorlng 

first class into five distinct groups, and tiro second class into six, 
designating the subclasses by letters of the alpliabct. 
fa W of Stellar Spectra. —> The observation of 

spectra by the eye is very tedious and difficult, and plio- 
spcctra. tography has been brought into use mo.st oifootivoly. Huggins 
in England and Henry Draper in this country wore tlio pio- 
neers about 1880. At present there are uumGrous workers in 
’ this line both in tliis country and abroad, and the mclliod Inis 
been developed to high perfection. 


THIC UGIIT OP TIIK Sl'AllS 
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All but a low stars are so faint tliat satisfactory visual obser- 
vation of their spectra is impracticable, but photography is 
nearly iiiclependont of such liinitations, for with sufficient length 
of exposure the sensitive plate records whatever falls upon it, 
liowever feeble the light, — at least no limits are at present 
known. 

A majority of observers w^q prismaiiQ spectroscopes with slit 
and collimator suhstantially like that shown in Mg. 17G. With 
this they photograph the spectra of stars separately, one by one, 
each on a little plate like a microscope slide; with the star 
spoetrum is also photographed a I’cfcrenco spc?ctruin, prodneed by 
an electric spark playing between 
oletitrodcs of known metals. 

From such pliotographs wo can — 
measure the wave-length of lines 
in the star spectra and the shift 
of the lines, if any, duo to radial 
•motion and recsognize the con- 
stituent elements of the star’s 
atmo.spliero. lly using prisms 
of quartz, Sir William Huggins 
and Lady Huggins have been 

able to carry their investigations Pw. of uio Prisms 

, , , ill tlio SJitloss Spoctroscopo piisins, 

witii great sucooss into the in- 
visible ultra-violet spectra of a multitude of stars, 

671. The Slitless or Objective-Prism Spectroscope,— Professor I'lio »iiHo8!t 
Piclcering lia.s attained his wondorfiil results by reverting to 
tlio slitless spoctroHQOpo, ari-anged in the manner first used by ' ^ 
Fraunhofer and later revived by Secehi. The instrum out con- 
sists of a tolesoopo witli its objoet-glass corrected for the photo- 
(/raphiti instead of the visual rays, oquatorially mounted and 
carrying outside of tlie ohjoot-glnss one or more objective prisms 
having a refracting anglo of 10® to 80°, oaoh large enough to 
oovGi* the wholo Ions. 
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Pickm’ing u{i«s ordinarily an 11-inch telescope, formerly belonging to 
Draper, or a Id-inch telescope, with a battery of four enormous prisms 
placed outside of the object-glass, as shown in Fig. 18!1. The edges of the 
prisms lio east and west, and the clockwork on tho telescope is adjusted to 
go a little too fast or too slow, in order to give width to the speotinun 
formed upon tho sensitive plate, which is placed at tho focus of the object- 
glass j i£ tho clookwork followed the star exactly, the spectrum would ha 
a mere narrow streak. 

lYith this apparatus and an exposure of from ten to fifty minutes, 
according to tho brightness of the .star, spectra are obtained which, before 
enlargement, are fully 3 inches long fiom tho F line to tho uUrn-violol 
extremity. They easily bear tenfold enlargement and show several hun- 
dred linos in the spectra of tho stars belonging to tho second or solar class. 



KH h ITy F 

Fio, 181, — riiologrnpliic Spectrum o£ Vega 


Fig, ISd, showing the spectrum of Yoga, is from one of these photographs, 
and the spectra of Fig. 182 are enlarged from plates made with the same 
insbrnmont. 

Tho g'reat Bruce telescope at Arequipa (Sec. 63G) has also boon provided 
with an ohjeclrglaas prism, and so has tho McClean telescope at the Capo 
of Good Hope; with both these instruments tho spectra of very faint 
stars can now be photographed. 


Its advan- 
tages. 


Its disad- 
vantages. 


57 3h Advantages and Disadvantages of the Slitless Spectro- 
scope. — It has three great advantages ; Jirst^ that it utilizes all 
the light which comes from the star to the object-glass, much of 
which, ill the usual form of instrument, is lost in the jaws of the 
slit; secowd, 'by taking advantage of the length of a large tolo- 
soope, it produces a very high dispersion with even a single prism ; 
tJdrdy and most important of all, it gives on the same plate and 
with a single exposure the spectra of all the many stars (some- 
times more than a hundred) whose images fall upon tho plate. 

On the other hand, the giving up of tho slit precludes all tihe 
usual methods of identifying the lines of a spectrum by actually 
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confronting it M'ith comparison spectra, and iimkos it impossible 
to use the instrument for measuring tho shift of spoctriuu lines 
and thus determining tho “radial motion’’ of a star. Nor can 
it be used to study tlio spectrum of an object of sejisiblo extent, 
like a planet or a nebula, 

Moreover, it gives well-de lined speetrn only when the nir is 
very steady and the star images quieHCGut, — a condition of 
comparatively little importance with a slit speetroscope, since 
atinosphtu’ic . disturbance, with such an instrumont, does not 
affeot the distinctness of tho spoctriuu photographed, but only 
makes it necessary to give a longer exposure. 

Of course, too, tlm enormous prisms make tho slitloss spootro- 
scopo very costly. 

For what may be called tho “roconuEiissiiuco,” or classification 
of star spectra by tlie tliousands, the slitless spectroscope stands 
unrivaled and i.s effective for tho study of ouo. class of spootro- 
seopic binaries (See. 603), in which tho linos of tho siDOotra 
douldo and undonble themsolvos. 

With instruments of this kind at Cambridgo and Arequipa, 
tho Cambridgo observers liavo already obtained and stored away 
the photograpliic spectra of at least one hundred thousand 
stars and have issued ojio great entalogno of spectra (tho Dra^Jcr 
Gatalogue)^ soon to bo followed by others. It should bo luen- 
tionod tlmt the funds for tho prosecution of these speotroscopio 
rosoarches by Professor Piokoring liavo been mainly provided 
by Mrs. Draper, as a memorial of her husband, Professor Henry 
Draper, the AmorioEin pioneer in stellar spectroscopy. 

It is impi'iiotioablo in a toxUbook liko tlio prostsiifc to deal witJi tlie 
intorostin^y and important dokails of stellar spectra as rovoalcd by pbotog- 
rapby. For tliosa tlus student nuust, for tlie prc.s«nt, bo rofovrod to tho 
various publications wliich contain tlio results of tho obsorvors. 


Adinlmblo 
for i‘oeon- 
naissanco. 
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VAllIABLE Sa^ABS 

573. Many stars change their brightness more or less and arc 
known, as variable. They may be classified as follows: 

A. NON-VEmOBlG YAniABLES 

(I) Stars that change their briglitness slowly and con- 
tinuously. 

(II) Those that fluctuate irregularly. 

(III) “Temporary stars,” or “Novbc,” which blaze out sud- 
denly and then disappear. 

B. PERIODIG YAlil ARLES 

(IV) Variables of the typo of o Ceti, usually having a period 
of several months. 

(V) Variables of the type of /3 Lyrm, usually having short 
periods. 

(VI) Variables of the “Algol type,” in which the variation 
is like what would be produced if the star wore periodioally 
eoUpsad by some intervening object. 

KON-r'EllIO]:)IG VA1UABTA3S 

574. Class I; Gradual Changes, — The number of stars posi- 
tively known to be gradually ohanging in brightness is surpris- 
ingly small, considering that all are growing older. On the 
whole, the stars present, not only in position, but in bright- 
ness also, sensibly the same relations as in the catalogues of 
Hipparchus and Ptolemy. 

There are, however, instances in which it is almost certaiu 
that considerable change has occurred, even within the last two 
or three centuries. In the time of Eratosthenes the star in tire 
claw of the Scorpion (now ^ Librso) was reckoned as the bright- 
est in the constellation, At present it is a whole magnitude 
below Antares, which is now much superior to any othoi’ star 
in the vicinity. So when the two stars, Castor and Pollux, in 
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tlio conatellatioii Gemini, wore lottered by lUiyer in IGlO, tho 
former, wna certainly not inferior to Hollnx, wliioli 'vvaa 
lettered /3, but is now distinctly tlic briglitor. Taking tlio 
whole heavens, wo find a iiumber of suclk 04ise3,|)erliaiiH a dozen 
or more. 

Ik is commonly boliovod klmb a (lonshlovablo nuinhor of stars liuvo (lisup- 
poaroci since the early catalogiiOH wn’o made, and tiint some new ones have 
como into oxistcnco, AVhilo it is unsalo to demy u])solntely tliat sudi 
things may have liappencd, wo can nay, on the other hand, that not a 
single case of tho kind is certain. In immorous instances stars recorded 
in tho catalogues are now doublless mimtu/; hut in mnirly every case thn 
loss can ho aceoinitod for, <‘itlmr as an error of olisorvation or printing, or 
by the fact that tiio stars olwerved were astm'oids. 'I'lieve is not a singlo 
case on record of a new star appearing and rrmtiluiuf/ ptirmamnlh/ wAvi'Wc, 
nor of tho cio'tain disappeai’ance of any, exetspO the few so-called « tom- 
l>ornry stars.'* 

Class n : Irregular Pluctuatlons. — 'PIio mo.Ht con.^piouon.s 
variahlo star of this class is p Argils (or Garin to), a stiu' not 
visible in tlio Unilod States. It viiries all tlio way from zero 
magnitude (whieli it laid in 1843, wbon it stood next to Sii'ins 
in brightnosa) down to tho seventh, wliieli has boon its atatiis 
since 1865, although in 1888 it was for a time reported as 
slightly increasing, 

a Orioiiis and a Cassinpeito behave in a sinrilar waj'-, except 
that tlioir range of brightness in small, not inueli oxeoeding half 
a magnitude. About forty or fifty other stars belong to the 
same class, — at least no regular poriodieity lias yet boon found 
in their variations, 

676. Class III 5 Temporary Stars, — There avo Hevontoen or 
eighteen well-authenticated instances (and several nth era whioh 
are doubtful) of stars which liavo shono out auddonly and thou 
gradually faded a^vay, 

Tho most re markable of them was that Jen own as “ Tyoho’s 
star,” whioh appeared in tlio oonstollation of CtuisiopGia in 
November, 1672, was for some days ns briglit as Venus at lior 
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best (visible in the clayUme), and then gradually waned, unlil at 
the end ol sixteen months it bccaino invisible, for there wore no 
telescopes then. It is not certain whether it still exists as a 
telescopic star ; so far as wo can judge, it may be any one of 
several which are near tho place determined by Tycho. 

There has been a oiii’ious and utterly unfounded notion that Una alar 
was tho » Star of Bothlohcm," and would ro appear to herald tho st’cond 
advont o£ tho Lord, 

Another temporary star was observed hy TCei)l(5r in 1604, 
which for some weehs was as bright as tho planet Jupiter, and 
remained visible for nearly two years. 

A temporary star, which aiipeared in the constellation of 
Corona Borealis between the 10th and 12th of May, 1800, is 
interesting as having been the first to be studied by the spec- 
troscope, When near its brightest (second magnitude) it was 
examined by Huggins, and then showed tho same bright linos 
of hydrogen which are conspicuous in the solar promineneos. 
Before its outburst it was an eighth-magnitude star of Arge- 
lander’s catalogue, and within a few months it returned to its 
former state, which it still retains. 

In 1876 another second-magnitude star ai^poared on Novom- 
ber 24 in Cygnua, and according to its observer, Schmidt of 
Athens, rose from invisibility to the second magnitude within 
four /tows, remained at its maximum for only a day or two, and 
faded away to below the sixth magnitude within a month. It 
still exists as a very mmute ioloscopic star of the fifteenth 
magnitude. This also was spectroscopically studied by several 
observers (by Vogel, espeoially) with tho remarkable result that 
the spectrum, which at the maximum was nearly oonUiiuoiis, 
though marked by tho bright linos of hydrogen and by bands of 
other unknown substances, at last became a simple spectrum of 
three bright lines like that of a nebula (Sec. 602), 

In August, 1886, a sixth-magnitude star suddenly appeared 
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in the great nebula of Andromeda, very near its nuolous. The 
star began to fade almost iminediatoly and in a few niontlis 
entirely disappeared. Its spectrum was sensibly eoutiimous, 
without lines of any sort, 

576, Nova Aurig£B, — In December, 1891, a “Nova,” shown 
in photographs, though not seen by any one until Jan, 110, 1892, 
ai)poarod in the foot of Auriga. Early in Eobruary it Avas very 
nearly of the fourth magnitude, and remained visible to tho naked 
eye for about a month. Its .speetrum was earofully studied, both 
visually and photograplueally, and was very interesting. Tho 
bright lines wore numerous, those of hydrogen and holiuiu, 



Fin. Jsn, — Spootrum of Nova 


with tho H and K of oaloium, being specially eonspicuons ; and 
each of them was aocoinpanied by a dark lino on tho more re f ran- 
gihlo side, as if two bodies wore conoornod; one of them giving 
bright lines in its spootrum and rooeding from us, tho other with 
ooiTosponding dark linos in its spectrum, but approaching. 
Fig. 186 is from a photograph made at Fotsclam. According 
to Vogel, the relative velocity of tho two masses must, if this is 
the true explanation, have exceeded 550 miles a second. 

A sliglitly dlifercnt explanation, suggested by Lord Kelvin, is 
that tho high volooity indicatijd is not that of the largo iua.saG8 
whmh collide, but of small fragments and particles, “spattered 
off,” so to speak, by tho impact. 

On tho whole, it now, however, seems somowliat more 
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probable that tlie displacement and 'widening of the lines is to 
be explained by violent pressure, on the principle discovered by 
Humphreys and Mohler (Sec, 266), rather than by the Doppler- 
Fizeaii principle. The phenomena then would appear to he a 
result of explosion instead of eollision^ as has been very generally 
assumed, — something very imalogons to the phenomena which 
aocompany the eruptive prominences ejected from the sun. 

In April the star became invisible, but slightly brightened 
again in the autumn, and then showed an entirely different 
spectrum, closely resembling that of a nebula. (See h’ig. 203, 
Sec. 602.) In this figure all but the lower line arc photographs 
of small nebulm made with a “slitless spectroscope’* (Sec. 671), 
so that each of the images of the nebula corresponds to what 
would be a “bright line” in its spectrum, if a spectroscope 
with a slit had been used. The lowest line is the photograph 
of the star made by the same instrument. Finally, however 
(January, 1902), its spectrum, according to photographs of 
Campbell, has become continuous, the nebula having appar- 
ently reverted to the original condition of a star. At present 
it is of the thirteenth magnitude. 

The behavior of this star has led to a great deal of discussion 
and cannot bo said to have reached as yet a wholly satisfactory 
explanation. 

The still more recent Novre of 1898, 1805, and 1898, all of them in 
the soxithorn hemisphere, are pec\iliav in that they wore clokeotod by 
photography, liaving been recognized by Mrs, Fleming of the Harvard 
College Obaci’vatory, both upon the chart plates and spoctmm pliologvapIiH 
tolcen at the Areqnipa station in South America. The stars wiu'o Ijardly 
large enough to be seen by the naked eye, and tboro is no record of their 
visual observation, but tlieir photographic spectra appear to bo identical 
with that of Nova Anrigeo, It now scorns rather probable that “ now 
stars” are not. reallyAxtromely rare, and it is clear tliat there are important 
physical resemblances between them . 

577. Nova Persei, — The most recent instance of a now star, 
and one of the most remarkable, is that of the stai’ which first 
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appeared, probably on Fob. 20, 1901, but waa iir.st aimn on tlie 
21st, having then about tho brightiussH of the polo-star. 

Photographs of the region containing tlio star, taken at tlio 
Harvard College Observatory on sovenil dates provi4)na and up to 
tho lOtlr, show that on the 19th tho .star had not yot a})pearc5<l, 
or at least had not reached a inagnitudo above tho twelfth. 

It increased in brightnoss at least ^hOOC-fold within throo 
days, and on tho 22d it was for a few hours tho brightost star 
in the lioavens, Sirius alone exeoptod, having attained very 
nearly the zero magnitude, — tho most brilliant Nova simuj 
Kepler’s star of 1G04. Its rise was (^xtronndy rapid, and its 
descent was also swift as compared with tluit of Kepler’s star, 
for it faded ra 2 )idly, so that by tho end of Alareh it was barely 
visible to tho eye. 

'J'lio Bpuctinnn, as pholographficl at Ouinhridg<» (ni Ujo 22d, waa unite 
unlike that of Nova Auriguj and moat otlior aiew stiirs, roHoiubliiig tlm 
spacti’uiii of ft Orionis (Higcl), — •mainly wjiitiiininiK, 1ml; cro.ssod l>y more 
tliaii thirty not very (jonspicuous ilark linoH. (’louds provoutud Curtlnir 
spnolrographs until tho 24th, nud them a gniab oliangc had oooiirrcd. 
'I'lio bright linos of liydrogon, with llnsir dark oorndative'H, woi'o now oon- 
Hpioiions, just ns thoy woro in tlio spiMilruiii of Nova Anvigio ( If'ig. :l sr»). 

Sinco then tho star lia.<j Xollowud tlio ii.sunl otnirsoi ita spootrum Ima 
beconu) nohular and still contimios ao (January, 1002), tliongh with somo 
non-nobular poouliaritios in tlio brondtli of tlio nobiilur linos and tlio 
})r(moiico of utlior u(>uH[)icuous liiiCH not found in nolmltv, 

During its doolino its brightness osoillatod oiipricnously nioro tliii.ii a 
whole inngiiitnde, the irregular interval botweeii the niiixlnia. iimrotisiiig 
from about two days in February to six or eight in the autiiinn, when it 
had fallen to tho liiiiit of unaided vision. 

In Soptomber it heeiune possible to photograph tlie invisible surroi Hiding 
nebulosity with tlio reflecting teleseopes (not with tho great refraotorH) of 
tho Lick and Yorkes obsorvatorioH. It was found to lio very exbmaive, 
roughly circular, with an apparent dianinter about half that of tho moon j 
and Hinco tho Nova shows no sensible jiropm' motion or parallax, making 
it certain that its distance is greater than that of the nearer stars, the real 
diaineter of the nebula must bo at least Aftuen hundred tiinim thediainoter 
of tho earth’s orbit ; probably this is lui oxtroino undorostiniato. 
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There are eovenil prebty well inarkud knots ot eondenaation in the 
nebnln, and the comparison o:£ pliotograidis made at different dates shows 
that these arc jnoving away from tlus center at vai’knis rates, averaging 
abont 1' in six weeks, — a motion not apparently very rapid seen from the 
earth, but really Jiot less than 2000 miles ca second, if the Nova is as near 
as« Contauii. Very probably it is ten to a hundred times more distant, or 
(iven remoter yet. Observations show no sensible parallax. 

Kapteyn suggests that the apparent motion is simply the progressivo 
illumination of .spiral streams of nebulosity advancing along them with 
the velocity of light, the object being some !300 liglit-yoars distant. 


PTOklODIC VARIABLES 


678. Class IV t Variables of the “Omlcron Ceti” Type. — 
These objecte behave almost exactly like the temporary stans in 
remaining most of the time faint, rapidly brightening, and then 
gradually fading away j but they do it ^JeriodiGally, o Coti, or 
3£ra (v'.c., “the wonderful”), is tlio type, It was discovered 

by Fabrieius in 1590, 


FK.,m-Sp.c»moiMtaCoti rocognizocl ii« 

such. During most of the time it is invisible to the naked eye, 
of about the ninth, magnitude at the minimum j but at iutorvahs 
of about eleven months it runs up to the fourth or third, or 
even second, magnitude, and then back, the rise being muoli 
more rapid than the fall. It remains at its maximum about a 
week or ten day.s. 

The maximum bviglituess varies very considerably j and its 
period, while always ahoxit eleven months, also varies to tlio 
extent of two or throe weeks, and during the last few years 
seems to have shortened materially. The spectrum of the stai* 
at its maximum is very beautiful, showing a large number of 
intensely bright lines (some of whioli are certainly duo to 
hydrogen) superposed upon a fine banded spectrum of Socohi’s 
third class (Fig, 186, photographed by Pickering), 

Its “ light curve ” is A in Fig, 187. 
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A large proportion of tlie known Viii'iaV)lcs belong to tins 
class (nearly half of the whole), and a largo poroen luge of tliom 
have periods which do not dilfer very widely from ono j'eiu*. 

None so far discovered exceed two years, and none are loss than 
two mouths. Most of the periods, however, are more nr lcs.s 
irregular. 

579. Class V: Short-Period Variables, — In tlieso the periods aiiort-porioii 
range from about seveir and three-fourths hours (that of S Aiitliio, viuiablosoj 
the shortest known at present) to throe or four weolc.s, and tho 



light of the star dvKituntes contiiumUy. In many oases there 
are two or more maxima in a aomploto period, aoooinpaivied by 


in Nova Aurigie. '^riie liglit curves of ji Lyrte and v Aqiiilro, 
whioh are tyi)ioal of this class, are given at ,W (Fig. 187), 
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680. Class VI ! the Algol Type, — In this clas.s tlio star 
remains bright for most of the time, but apparently suffers a 
periodical eclipse. The periods are mostly very sliort, ranging 
from ten hours to about live days. 

Algol,, or ^ Persei, is the t^^'pe star, IPsually it is of thts 
second magnitude, and it loses about five .sixths of its liglifc ufc 
the time of obscuration. Tlie fall of brightnoss oeoupies about 
four and one-half hours; the minimum lasts about twenty min- 
utes, and the recovery of light takes about throe and ono-lnilf 
hours. The i}eriod, a little less than throo da^’^s, is known with 
great precision, — to less tlian a single seoond indeed, — ^and i« 
given in connection with the light curve of the star in Fig, 187. 
About twenty stars of this class arc known at present (1002). 

681. Explanation of Variable Stars. — No .single explanation 
will cover the whole ground. As to progressive changes, nrnio 
need be looked for. The wonder rather is that as the sfcar.s 
grow old such changes are not more notable. As ftu' irregular 
changes, no sure account can be given. Whore the range 
of variation is small (as it is in most cases) one thinks of apotw 
on the surface of the star, more or less like sun-s[)otH ; and if 
we suppose these spots to be mneli more extensive and nuiucu'- 
ous than are sun-spots, and also like them to have a regular 
period of frequency, and also that the star revolves upon itn 
axis, we find in the combination a possible explanation of a 
large proportion of all the variable stars. For the teiuporary 
stars we may imagine either great eruptions of glowing mat- 
ter, like solar prominences on an enoi'mous scale, or, with 
Mr. Lockyer, we may imagine that most of tlio variable stars 
are only swarms of meteors, rather compact, but not yet having 
obtained the condensed condition of our sun, Stars of tlio 
Mira type, according to his view, owe their regular outbiirsta 
of brightness to the collisions due to the passage of a sniallor 
swarm through the outer portions of a larger one, around wliioh 
the smaller revolves in a long ellipse, 
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But the great iiTegularity in the periods of variables bcilong- 
iiig to this class is hard to reconcile witli a true orbital revo- 
lution, which is usually an accurato timekeeper. 

Many of the 8^)00 ti’osc op ic phenomena of the temporary stars 
and of the periodic stars of Class IV resemble pretty (;lf)Soly 
those that appear in the solar chromospliore and pi’ominoMcciSv 
suggesting in such cases a theory of explosion or eruption. 

Ill tlio oasG of the sliort-pcriod, punctual ” variables, as Mia.s 
Glorko calls them, of (Uass V, tlio spectiuscopio pheiioniena 
ill some instances seem to indicate the mutual iiiteriKJtion of 
two or more bodies revolving close together jirouiid a coniiuon 
contor of gravity; tliis is certainly the cas(5 with ^ Lyrm. 
(8co 800. 602.) Others admit <if siiiipler explanation, us due 
merely to the axial rotation of a body witli largo spots upon its 
surface. 

582, Stellar Eclipses. — As to stars of tho Algol typo, tho 
most natural explanation, suggested by (Toodriokc more than a 
oontiiry ago, is that tho ohseuration is an coUp^e prodiicorl liy 
tho periodical interposition of some opaipio body he tween us 
and tho star, 

Tlio trutli of this theory was substantially demonstratoil in 
1889 by Vogel, who found by bis spectroscopic observations 
(.SCO 800. 512) that seven toon hours before the minimum Algol 
is rooeding from us at the rate of nearly 27 miles a second, 
while seventeen hours after tlio minimum it is ooming toward 
Its at practically tlie same rate. This is just vvliat ought 
to liappon if Algol had a large darlr, companion and tho two 
were revolving imiuiid tlioir conimou center of gravity, in an 
almost oiroular orbit, neaily odgtjwiso towards tho eartli, 
Vogers eonclusions are that tlio distance of tho dark star from 
Algol is about 8 250000 miles, and that their diameters are 
aliout 840000 and 1 000000 miles, respectively. Furtbermoro, 
tboir period being 2''20’‘48"‘.9, it follows (See. 604) that tlieir 
united mass is about Iwo thirds that of tho sun, and their moan 


vtiviatloiiH 
(tuo to vovn- 
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systom. 


Stoll «»• 
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VOROl’S 
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density only about one fifth as great ns his, less even than that 
of Saturn, and not much above the density of cork, Fig. 188 
represents the system as described by Vogel, tlio common center 
of gravity being at around wliioh both stars revolve, always 
keeping ojjposite each other. 

In the case of Y Cygni both components arc about equally 
bright, so that kvo minima occur at each revolution, but not at 



equal intervals. 
I)un6r has shown 
that tliis can be ex- 
plained by the eMip- 
iical form of the two 
orbits d e s o r i 1) e d 
around the common 
center. 

583, Number and 
Designation of Vari- 
ables and their Range 
of Variation, ■ — Mr. 
Clian d 1 er’ H cataloguo 
of Icnown viii'iablo.s 
(published in 1896) 
included 893 objects, 
besides also a con- 


Fiq. 188, — System of Algol sidorablc uiimbor of 

suspected variables. 
About three hundred of them are clearly periodia in thoir varia- 
tion. The rest of them are, some irregular, some temporary, and 
in respect to many wo have not yet certain knowledge whether 
the variation is or is not periodic. Since 1896 the number has 
oonsiderably increased and is now probably near six hundred. 
Thoir dosig- Sucli variable stars as had not familiar names of their own 
nation. before the discovery of their variability arc generally indicated 
by the letters K, S, T, etc.; t'.e,, R Sagittarii is the first 
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di«ooverecl variable in the constellation of Sagittaniis; 8 Sagit- 
tarii is the second, and so on. 

Ill a considerable number of the earlier discovered variables 
the range of l)rightnGS.s is from two to eight nuignitudos, i.e., 
the maximum brightness exceeds the minimum from six to a Kaugoof 
thousand times. In the majorit 3 ^ however, the range is much 
loss, — often only a fraction of a magnitude. 

It is worth noting that a liirgii proportion of t1iG variables, 
especially of Classes IV and V, are i'oddish in their color. 

Tins is not true of the Algol type. 

l^hotognipliy han liiltily (loini! to tlid front as a luo.st ailonliivo ttietlind Dotectlon «f 
of (ItiU'odiig varinlilr.H. A vary largo pi'opoi'lioii of all thoM) disisovorod vuriiihlos 
within iho last ilozrii yoai’s Iiavo himji fomid by tlicj (s mi pari son of the 
photographic) star oliarls mado at Cainhrhlgo ami at their South AtmtHcan 
subsidiary stations. In most oasos tlio pliotograpliod sjiecinnn of a star 
has attraotod attontioii hy its bright liiin.s and a paoiiliar " uolonimdod ** 
struotura, marldng it as “mispicious’*; and tlio snspioiou is usually soon 
oonflnnod. 


584. Variable-Star Clusters. — ■ One of tlio most interesting 
recent results of .stellar photography is the discovery of variable- 
star chis(£)% iinnoiuiced hy Pickering in 1 891), from the study 
of photogi'aph.s made hy Prof. S, 1. Bailey at Arcqiiipa, A Viuinhio 
largo number of negatives of several different clusters Avoro 
made, and it soon ai>peared that wliilo in some no changes Avoro 
apparent, in others variable stiirs abound. In 1898 Professor 
Pickering’s census stood as folio avs : in the cluster known as 
8 Messier (in the constellation of tlio ‘‘ Hunting Dogs ”) no 
less than 182 stars had hiseu found to he variahlo, out of about 
900 Avhich can bo counted in il»u cluster; in the cluster kiiOAvn 
as G) Contanri (Pig. 195, .See, 598) tliero were 122 ; in 5 Messier 
(Libno) (Pig. 189), 85; in tlio cluster known as H, (t. 0., 

7078; 61 and 47 more in throe or four other clusters, — 487 in 
all, Since then the nnmhor lias been con thin ally inoreasing 
with furtlior observations, and in 1902 it probably stands above 
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600. In many clusters (and even in the majority) equally 
bright ^vith these not a single variable has yet been found. 

The periods generally range from ten to fourteen hours, the 
average being about twelve and one half. The range of bright- 
ness is usiaally from one to two magnitudes, and the light 
curves resemble that of o Ceti, the rise being more abrupt than 
the descent. Photographs of some of these clusters, taken at 
ail interval of only an hour or two, show numerous cases where 
the change amounts to a full magnitude, 



Fia. 180. — VfirJablc-Stav.Cliistcri fi M Llbi'ro 


Fig. 189 is from two .such Arcquipa pliotographs of 6 Mossiov, taken 
two hours apart, and the little arrows point out soino of the stars which 
have changed their brightness in that sliort time. Tho stars of the cluster 
are mostly below tlie eleventh or twelfth magnitude. 

In Table VI of the Appendix we give from Chandler’s cata- 
logue a list of the principal naked-eye variables wliicli can bo 
seen in the United States. 

The observation of variables is especially commended to tho attention 
of amateurs, because, with a very scanty instrmnoutal equipment, work of 
real scientific value can bo done in this line. It was nn amateur (tho Rev. 
Dr, Anderson of Edinburgh) who first announced both Nova Aurigai and 
Nova Porsei. The observer should pub himself in communication with 
tho director of some active observatory, in order to secure the proper ditt- 
oussion and publication of his results. 
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EXERCISES 


1. What is the hvightnoss oJ; a stav of the 10.5 niagnitiahi (on the ahsn- 
luto sciilo) compared with that of a .star of tlio standard first niagniludoV 
Sohiiton. Erom See. 6C8, equation (1), wo have log {ito.j = log hi — •(•'u x 0.5. 
If wo take tho brightness of the llrst-magnitudo star as tho unit of briglilneas, 
log6i = 0, and wo have log = 0 — 0.4 X 0.5 = - !l.8000, To bring tliis 
onlii'oly negative logarithm into the usual tabular form, in wlileh the cliavaeter- 
iatio only is negative while tho mantissa Is positive, wo numerically lueroaae 
tho charactorlatic by unity, making it — 4, and at tho same lime tuko for the 
now mantissa 1 —0,8000, or .2000; wo have, therefore, log £= 4.2000; 
whonco, from tho logarithmio table, wo find bm ~ 0.000108. 

A«a, 0io , 5 “ 0.000108. 

Also log = 0 ~ 8.8000) = -I- .8.8000 ; wlmnco, 

• * yln.s. 0i = (1800.0 X Oio,fi. 


(In all computations respecting stellar magnitudes four“plac(» tables are 
anOiciunt.) 

8. Wliat is tlio brightness of an olovonth-magnitude star in terms of 

Am. O.OOOl , or 

3. What is the brightiuiss of a 4 .8*inugiiitnde star in him is of tlie first V 

0.0802, or 

4. ■^V]mt is tlm inagnitndoof a star 'whose hrightness is rtj-oVtfO' l'^**'*^ Jt 

lirst-magiiitmle stavV (.See. 558, efpiation (2).) 18.5 inagnitndo, 

B. What is tho magnitude of a star a millionth as hriglit as a flrst- 
niagnitmhi star? lOtii nmgnituclo, 

0. AVhut is t)m magnitude, on the absolute scale, of a luminary HOOOO- 
000 000 times as bright us a llrst-magnitudo star ? (log 80000 000000 - 
10.0081.) 

Am, - 20.20 inagnitndo. (This is aliout tlio estimated brightness 
of tho sun.) 

7, What is the apparent inagnitudo of a douhht star whose cnmponontH 
aro of tho first aiul seoond nmgiiitudes, respectively? 

yin.'^. O.d'l inagnitudo. 


8, What, if tho coiupoiionts aro of tlio socoiid and fourth magnitndos? 

ylii.s, 1.85 magiii tilde. 

0. If tho distance of a fourth-niagnitudo star wero diminislied oiio 
half, of wlmt magnitudu would it appear? o.ro nuignitudo. 
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10. If the distance of a staj' were incrftaaod by dO ]ior cont, how much 
would its magnitude bo changed? 

A ns. 0.73 of a inagiuUulo, nxnneriaal incmm. 

11. If the distance of a star were diminished by dO per cent, how 
would its magnitude be aflooted? 

Axis, 1.11 magnitude, numerical dacream!. 

12. If a star of the ninth magnitude has a parallax of how duos 

the light emitted by it compare with that of the sun? 




CHAP'rEK XX 


STELLAR SYSTEMS, CLUSTERS, AND NEBULAS 

Doiililt! niid ^fultiplo SliU’H--Binui’i()H — IHjtavira — ChiHtor.s— Nubuliu 
— TJu) Stollar Univffi'.sy — CoHmoKoi'y 

585. Double Stars. — The tolosoopu shows juiiuerous (lasos in 
wliioli two stars lio so iioar isiu^li other that they nan ho sqju- 

rated onl 3 '-hy a high magnifying power. Those; am donhU s/ars, Uoublo 

siai's. 
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aiul at present nearly twelve th on sand .siieli (!o\i])1oh am known. 

'L'liem i.s also a (lonsideralile niiniher of triple stars and a few Trliiiofimi 
are quadruple, Fig. '1.90 reiiresents some of the host known 
toleseopie objects of oiudi ehm.s. 

Ml 
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TUg iipparent distances genei'<ally I'ango from 30" downwards, 
very few telescopes being able to separate stars closer tlian one 
four til of a second. In a large proportion of cases, perliap.s one 
tliird of all, tlie two components are nearly equal; in iminy, 
however, they are very unequal i in that case (luwer when they 
are equal) they often present a contrast of color, and wlum tiny 
do the smaller star, for some reason not yet Icuown, almost 
without exception, has a tint higher in the spectimni than that 

of the larger, — if the 
larger star is roddi.sh or 
yellow, the smalhsr is 
green, blue, or purple. 
7 An drome dm and 
y3 Cygni are fine ex- 
amples for a small tele- 
scope. 

The dktance md posi- 
tion antjle of a donhle 
star ar(5 usually meas- 
ured with the rdar mi- 
crometer, tlui positiou 
angle being the angle 

Fki. I'lL — jMcasiU’cmout of Distance ami PoMjtinn larger Star 

Anglo of a Double Star botWCOll tllO HOl’th Uiul 

south line and the line 
which joins tlie stars. This angle is always reekojied from tlio 
north througli tlie emt^ completely around the emtio ; if 
the smaller star were southeast of the larger one, its po.sition 
angle would be 186°. Fig. 191 illustrates the matter. Tlie 
position angle of the double star shown is about 826°. 

686. Stars optically and physically Double. — Stars may be 
double in two ways, — optically or physically ^ In the Arst case 
they aro one far beyond the other, but nearly in line as seen from 
the earth. In the second case they are really near each other. 
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111 the case of Htai’s that are only optieallif douhU it nsnally Oi'itDrion by 

happens that wo oan, aftcv some ytiavs, dotoot tlioir mutual in do- tboy 
, 1 1 (. 1 , . , . ... , xi'ty ‘i*s- 

pendonoo ny tins laot tliat their relative motion is in a Htraiglit tiugHishmi. 

lino and nniforni. 'I'liis is a simple oonsiupiemas of the oombi- 

niitxoii of tlmir indepoiident rcH'tilinear proper motions. 

If they ar(>, jihyumlhj comuurLed, we iiiid, on the (ionfcraiy, that 
tlio relative motion is not in a. straiglit liiio, but in a mimve 
ourvfi; i.fi.i taking one of the two as a (ionter, tlie otliur moves 
around it. 

The doe trine of ehamais si lows, Avhat dir net observation (!on- 
llrnis, that tlve optiiavl pairs must be eomparatlvely rare and that Oatlcnl 
tlio great nialority of doubhi stars must be pliysieallv iiouneoted, 

. L J 1 iiuinorOHN. 

— 'in all probability'’ by tlie same attraction of gravitation wliioh 
controls the solar system. 

687. Binary Stars.- — Stars thus ])liysu;ally eonmuitod are 
known as “ binary.” d'liey revolve in elliptical orbits around 
their eoinmoii eentisr of gravity in periods wliieh range from 
eleven h) liftetm linndi'(id yaairs (so far as at present known), 
while the apparisnt major axis of the oval ranges from 40'^ 
to 0".3. 

Sir William llersiiluil, a littlo more than a (miitury ago, first i)i«covopyof 
diseovered this or])ital motion in trying t(t nseertain tho parallax 
• of some of tlii» few (hmlde stars that wttre known at Ids time, iiotHcltol. 

It was tin'll siip[iosed tlnit they were simply optieal ] mil's, and 
he oxpeeti'd to find an annual parallntdii! disphn'ement of (me of 
tlie stars with reh'i'enee to tho other. He fail (id in this, but 
found instead a true orbital motion, 

At present the number of jiairs in whieli this orbital motion 
has Imen (m'lainlp do tooted is over two hundred and is rapidly 
inoroasiiig with time. Most of tlie double stars Iiavo boon dis- 
eovored too I’oeently to show mueh motion n.s yet, but about 
lifty pair.s have progre.ssed so far — either having eoinplotod an 
entire revolution or a large ]>ai't of one — that it is possible to 
oompiito their orbits with some precision, 
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688, Orbits of Binaries . — In the case of a binary pair tho appav’ 
ent orbit of the smaller star reference to the larger one is 
ahvays an ellipse ; but this apparent orbit is only tho true orbit 
seen more or less obliquely, and the larger star is n,sually not 
in its focus. If we assume what is probable,^ though notj^'^'oved 
as yet> that the orbital motion of the pair i.s uudtn* tlio law of 
gravitation, we know that tho larger star must he in tho focus 
of the true relative orbit described by tlio smaller, and, more- 
over, that tho latter must de- 
scribe around it ecpial areas 
in equal times. By tho help 
of these principles it is pos- 
sible to deduce from the ap- • 
parent oval tho true orbital 
ellipse; hut the calculation 
is troiihlesomo and delicate, 
and the result in most cases 
is to bo regarded as at pres- 
ent only approximate, on 
account of tho insufTicionoy 
of data. 

Fig, 192 represents tho 
orbits of thi'oo of tho best • 

no,102.-Bl«.rySys,o™siMn«v=,.t0..bl,., 

fourth, that of 61'Cygni, is still very uncertain, and tlio motion 
indicated in the diagram is very doubtful. 

689. Orbit of Sirius. — The relative orbit is all that can be 
determined from micrometer observations of tho distance and 
position angle between tho two stars of a binary pair; but in a 
few oases, where we have sufficient mericlian-cirolo observations, 

^Tho question oaii bo clocidecl by spcctvoscopio obsorvatlons whoiiovor nyo 
become able to observe separatoly tho two spectra of tho oompononla of a binary 
and BO can dotormlno the radial velocity of each at several different points In 
the orbit. The dlffloultlos of observation are great, but probably will ulU- 
matoly be ovoreome. 
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or wliere the two components of the pair liave had their position 
and distance seinimtely mmsurcd from neiglihoring stars nob 
par taking of their motion^ we can deduce the ahsoluto motion of 
each of the two with respect to tlieir common center of gravity, 
and tlms got data for determining their relative musses. 

Tlie case of Sirius is in point. Before 1850 Bessel, from Orbit of 
meridiau-eircle o]>scrvations, had found it to be moving, for no 
(then) assignable reason, in a small oval orbit witli a period 
of about iifty years. In 1802 Clark fouml near it a minute 



companion, which explained everything; only we have to admit 

that this faint acolyte, which does not give part as much 

light as tSiriuH itself, has a mass more than a (tuartof ns groat; it 

was the lirst discovery of one of Bessors “ dark stars*” 

J'ig. 198 shows tlio absolute and relative orljitH of the system tjio roiaUvo 

of Sirius. Tbo smallest oval is the orbit of Sirius itself as o*^^^**^ '““l 

tUo two 

determined by tbo moridijiii-circlo, and tlio other full-liuG oval roaiorliliB. 
is the actual orbit of the faint companion around the common 
conter of gravity, C, of tbo two stars, Tho largo broken-lino 
ellipse is the relative orbit of the companion with respect to 
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Sirius, as detormined by micrometer measures of distance and 
position angle. When the small star is at B' and Sirius itself 
at A’ in their actual orbits, the smaller star will bo at B" in the 
relative orbit, being always parallel and equal to A'B', 
The case of Procyon is similar, but its period is not yet 
determined. 

size of 690. Size of the Orbits. — The real dimensions of a douhlo- 

biimry ^0 obtained only when we know its distanee from 

imralilowith US. Fortunately, a number of the stars whose parallaxes have 
tiioiai'gor ascertained are also binary, and as-suming the best avail- 

l>lanotiiry , , . f. i , i. . 

oi'hiis. able data ns to parallax and orbit, we hud tlio following results, 
— the semi-major axis in astronomical units being always equal 
a” 

to the fraction - 75 , in which is the semi-major axis of the 

p" 

double-star orbit, and p" its parallax, both in seconds of arc. 


Naj[B 

AS8UJ[I50 

rAll,VI.I.AX 

Ancuoau 

,SnMi-Axis 

■ 111! A I. 
SiJsrr-AxiH 

r union 

IN YioAna 

Mass 

0=1 

v) Casslopoiaj , . 

0'^36 

8". 21 

23,6 

106.8 

0,.88 

Sirius 

0 .80 

8 .08 

20.0 

62,2 

3.2d 

a Coiitauvl . . . 

0 .76 

17 .70 

23.0 

81.1 

2.00 

70 Opliiucld , . 

0 .26(?) 

d .6r)(P) 

18.2 (?) 

88. d 

0.77 (?) 


N.B. — Tho pai'nlliaxos hove nsaumcd differ more or leas from tlioso adopted 
"by Kapteyn nod given In Table IV of tho Appendix. 


These double-star orbits are evidently comparahlo in magni- 
tude with the larger orbits of the planetary system, iioiie of 
those given being smaller than the orbit of Uranus and none 
quite as large as that oE Neptune. Tho elements of the orbits 
are from the data of Dr. See, given in Table VII of tlie Appen- 
dix. In tho case of Sirius the observations made since tho 
Toappenranoe of the companion in 1897 indicate that tho true 
period, distance, and mass are all a little less than hero given. 
Spectroscopic 591. Spectroscopic Binaries, — One of the most interesting 
binaries. results of spootroscopio work is the discovery, dating from 1889, 
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of jitimea'ous i:)airs of double stars so close that iio telescope can 
separate them, but proved to bo double by tlio behavior of tho 
lines ill their spectra. From a spoctroseopic point of view tlicse 
fall into two clas.sos : 

(a) Those iu which the duplieity is oxlnlntcd by a back- 
wai'd and forward poriodi(5al aliift of the lines in their spectra^ 
as observed with an ordinary spectroscope with slit and coh 
liiuator, but not ohscrvablo witli the slithjss spootroscopo. In 
case.s of this kind only one of the staus is large or bright 
enough to show an olwervahle spootruin, tlie other being viuy 
faint. 

(h) Those wliieh not only shift their linos but also periodi- 
cally double and ^tndoxihle them, — a plionomenoii obscu’vabhj with 
the sliblcss speotro.scopo as well as witli an instrument of the 
more usual form. In this case the two stars are of not very 
unequal brightness. 

593. Spectroscopic Binaries of the First Class. ^ — Algol, already 
described (Sec. 582), helong.s to tins class, and Vogel in 1.881), 
while ho was at work upon this star, found that the star Spica 
(a Virginis) also shifts its spectrum linos in the sanio way, in a 
period of ‘b’1.9''', hut without any ob.servrtblo variation in its 
brightness. From this ho (5onchtd(ul that Spiea also is double, 
having a faint or <hu*k companion like Algol’s, but witli tlie 
orbital piano so much inclined that tlie bright star is novel' 
oclipsod; the smaller one never oomos exactly between ns and 
tbo larger so ns to ciilipse it. 

From tlic amount by whioh tho linos shift, Vogol, assuming 
tbo orbital inclination to he small, computes that Bpicn moves 
ill an orbit about 18 000000 miles in diameter, with a velocity of 
about Chi' miles a hiusuuI. If, however, the inclination is really 
conaidoraldo, tlie actual orbital velocity must bo nmeti higher 
and tho orbit larger. As to tho vchsjity of the smaller star in 
its orbit, we have no data (Imt sec cxereiscs at the end of tho 
chapter) . 
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othor More recently Belopolsky of Pulkown., Dundr, Sir Norman 

binnxies. Lockyer, Nowall, and others in Europe, and in this country 
Keeler and Campbell especially, at the Lick Observatory, have 
detected a considerable number of other binaries of this class, 
among wliich tlie most notable perhaps are the following ; Cas- 
toi', S Cephei (its period of revolution being identical with that 
of its variability), Oapella, with a long period of 104 days, and 
Polaris, whicli latter, like Spica, has a period of only four days 
and an extremely low range of apparent I'adial. velocity, prol)- 
ably indicating that its orbit is nearly perpendicular to the line 
of sight, 


Pecullfti' Tlievo are also imlieationa that Polaris and its companion aro together 

liohavlor o£ in orbital motion around a ranch Jnore distant invisible body in a period, 
Polai'Is. ypj. (letorminable, of many years. In 1880 tlio star’s radial velocity 

towards the earth was about 1(1 miles a second ; this had dropped to 10 mile,H 
in 180(3, and to a little over 7 in 1800, but in July, 1901, it had increased 
to 8b having apparently reversed its tendency. 


Total numb or 
about fifty. 

Binaries of 
tho second 
class. 


Mixar tlio 
llrst dls- 
eovored. 


Campbell finds tliat about one iu twelve of all the stars ho 
has thus far examined shows indications of similar orbital motion, 
and is now engaged in an extensive campaign for studying the 
motions of the smaller stars. 

In the case of /3 Lyrto the lines of its spectrum double m well 
as shift. 

About fifty pairs of this first class are now known, and the 
number is rapidly increasing. 

593. Spectroscopic Binaries of the Second Class. — In 1889, 
almost simultaneously with Vogel’s disooveries relating to Algol 
and a Virginis, Professor Pickering announced that tlie lines 
in the spectrum of the brigliter component of tho well-known 
double star Mizar Ursco Majoris), as pliotographed in the slilr 
less spectroscope, double themselves at regular intervals of about 
fifty-two days, At these times tho two components, not very 
unequal in brightness, are moving one towards, tho other from, 
u,s, their relative velocity being about 100 miles a s coon cl. From 
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all th(3 obHcu'vaUons thou avuihihlo ho (ioncludod that the orbit 
was an ooianitrio ellipse described in ii period nf 104 days, witli 
a semi-inajor axis of about 140 000000 miles; T)ut eortaiu 
irregularities in the observations made some of his eoiicdusions 
donbtfid. 

Vogel, in a paper published in 1901, aniumnees reeenb photo* 
g'nix)hi(! observations of the spec tr mu of the star inadti witlL the 
newly erected instrument figured in our frontiapiwio, wliidi, 
^vhilo substantially confirming’ the relative velocity ()l)Her^'■ud hy 
l*u}koriiig, give a period of only 20.6 days, — just one fifth of 
l.^ickering’s period, 

iVssuming’ the orhib to be eireular and its iiieliuation small, 
this corresponds to a semi-major axis of about 20 000000 nvilcs 
and a mass something ovor/oto’ times tliat of the sun. 

Tho lines in tho apoctriiin of (i Auvigfe presoiit blie saino peculiarity, 
blit tlio doubling occurs oiico every two days, and the relative velocity of 
the pair is 150 miles a second ; tlio diameter of tho orliit appears to ho 
nbont 10 500000 miles, and tlio uiiitcd luasa of tlio pair about Jhm ami one- 
huif times that of tho sun. 

Tho two most roniarkable olijocts of this class were di.s(!ove)rod in 1800 
by apootniiu photograplis made at Arequipn, The first is Soorpii (fourlli 
magnitiulo), in wliicli the relative velocity of tho eompoiioiits is nearly 
SOO miles a serotul and tlie period 'I’liis makes the diameter of 

the I'olativo orhib, if circular, about (1050(100 miles and tlio mass of the 
.system about dyhiean times that of the sun. 

'riie other is a little star of tlie (Iftli magiiitudo, known as Laoaillo 
8 105, The relative veloehy of tliis ]iaii' is no less than .‘W/j viiias a seemul. 
mid the period 7‘.t*il(l“', corresponding to an orbital dinincler of Kl 500- 
000 miles niid a mass seeeiii)/senen times that of tho sun. 

About a dozen spectroscopie binaries of this class are at present known, 
hut the number in both classes is steadily increasing, 

594. Masses of Binary Systems.— If wo uHaumo tlnit tim 
biumy stilus move under the law of gravitation, tlien, whun wo 
have aSGorbahied the Hemi-inajor axis of the real orbit in astro- 
nomical units and the period -of revolution in ytsiu’s, w<! enn at 
on<?o find the niass of the pair as compared with tliat of tho suii 
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by the proportion from Sec. 380, in which the third term becomes 
unity when the distance and period are expressed as stated, 

(N -f e) : [M -p m) : : 1 : “• 

In this proportion {8 + e) is the united mass of tire sun and 
earth, e being' insignilieant, while (M -|- m) is the united mass of 
the two stars. This gives 

{dfd- m) == 

Tlio final column of tho littlo table of See. 51)0 gives the masses of the 
star pairs resulting from the data there pi'o.sented ; hut tlio I'eador must 
bear in mind that they are liable to largo error because of tlie uncertainty 
of the pai-allaxes, — a alight error in the parallax prodnees a vastly greater 
error in the computed mass. 

The reader is also again rominclcd of the fact that tlio jjicjm of a pair 
gives no clue to the diameier or demiUj of the stars ; though what lias been 
ascortftinod in tlio case of Algol and other star,s of tlio same elass f)f vari- 
able indicates that generally their densities are small compared with that 
of the sun. llussell of Princeton and Iloherts of South A Frica have recently 
shown, siTniiUnncously and independently, that in tlio case of tlie Algol vari- 
ables it is possible from the period, the duration of oh.souration, and tlie 
pecnliaritLes of tlio light curve during tlio “ eclipse " to dofcevmino the wam- 
vium value possible for the mean density of tlie system, Prom eight or 
ten of these variables — all for which observation furnishes the necessary 
data' — llussell found values of the limiting density in terms of tliat of 
water, ranging from 0.055 in the case of S Cancri to 0.72H for 7, Ileroiilis. 
The density of the sun is 1.41, ■ 

596. Evolution of Binary Systems, — As nlvoady vdmiu'kcd, 
the theory of probabilities indicates that the great majority o f 
double stans must be idiysically connected, but our oUsorvations 
have not yet continued long enoiigli to give us any atamrate 
knowledge of the orbihs of more than a vor^'’ ftnv. 'Table VI I 
(Appendix) presents a list of twenty, mostly computed by 
Dr. See, whioh may bo regarded ns faiiiy known. 'Ibvo othoi'H 
of long period are added, not yet, liowovor, to bo accepted as 
trustworthy, the data being still insulTiciont. 
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It will bo noticed that tluiHO orbits are vovy ocsoentric as coni- KcooHtriolty 
pared with tlioso of tlus planets, their average eeeentricity being 
nearly 0.50. Dr. See has iuve.stigated tlui probable origin of larft-n. 
those binaiy .systems and iiiids that the poouliaritie.s of their 
orbits can be aeeonntcHl for by the theory of “tidal evolution.” Pe<!uiiariHo8 
It is supposed that in such eas((s tlie primitive nebula in whirl- 
ing assumed the dumb-bell form known as the “apioid”; tliat ovoiutlon. 
the two parts then .si^parated into a sptHjtrosoopic double, and as 
they revolved around tlieir eommon eenter of gravity great tides 
Avorc raised upon them, whuib, as niatluiinatieally pr()A''ed, must 
tend to pusli tlu! spinning globe.s apart into eeeentrie orbits. 

(See See. )14(i.) 

596, Planetary Systems attending Stars. — It is a natural QhohUoh 
question whether some, at least, of tlie stars have not planotiuy 
.systems of tluhr own, and wluitluir some of the small “eoinpau- sau's. 
ions” that Ave see may not lui the Jupiters of sueli systems. 

VVljilu it is entirely po.ssible that many of the stars do Juive 
.sxutli attiaidunt plauels, av(; ean only say that no telescope twov 
yet eonstriKited (ioiild evtai eoiiu', near to making visible a planet iuv3Hibloif ’ 
bearing to its primary tl>e relation.s of si/e, distance, and bright- 
ne.ss Avliieli JupitiM* laairs to tlio sun. 

As vitnvitil from our aouvost lunghhor among tlio stars, Japitor Avoald 
ho a star of uhoat tlio Iwoiiti-Jh'.'tl magaiLutln ami not quitn f/' diHUint 
from the sail, whioli itsoU won Id bo a star of Urn soonml magnitialo. To 
rondtu’ a star of tlio twonty-llrst magaltado haroly visililo (a)tart from nil 
till) diHUiulbioH vaisod by tlm imarnosH of an immonsely briglibir star) would 
iwiuivo a toIosoojM! of moro tbaa 2(1 footia dinmotor. 

597. Multiple Stars. — Thert; are a eonsidei'al)le number of iMaiUpk 
oases n'lieju we iiiid tlireif or more stars (ionmuited in a single 
system, ^ (hmeri (Figs. J,90 and 102) eonsists of a eloso pair nipio. 
revolving in a nearly (dreular orbit, with a. pei’lod of somoAvlvit 

less than sixty years, Avliile a third star revolves in the same 
direotioii around them at a mueli greater distanee and with ii 
period tliat must be at hsast live hundred years, Moreover, the 
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third star appears to be subject to a peculiar irregularity in its 
motion; which seems to indicate that it has near it a eonipanion 
unseen as yet, the system probably being really quadruple. 

In 6 Jjyra! we have a 
most beautiful quadruple 
system, composed of twcj 
pairs, each t)air maldng 
its own slow revolution 
with a period i\ot ycit 
determined, but probably 
exceeding two hundred 
years ; moreover, simso 
they have an identical 
proper motion, the two 
pairs probably revolve 
around eaetb other in a 
period to be rtielcoui'd 
only by tbou sands of 

Fia. ISll. — Mapof tl»o riolaUos 

years, 

In 6 Orionis we have a mnltiple star in wliieh tlio six tiom* 
ponents are not arranged in pairs, hut are at not ^avry unequal 
distances from each other (Fig, 190), 
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698, There are in tlie sky nnmerons groups of stars, con- 
taining from a hundred to many thousand members. A few 
are resolvable by tlio naked eye, as, for instaiuie, tlu^ Pleiades 
(Fig. 104); some, like “Pnosepe” (in Oamjor), break up under 
the power of even an opera-glass; hub most of them require 
a. largo telescope to show tlio separate stars. I’o the naked eye 
or small telescopes, if visible at all, they look merely like faint 
globuhu' clouds of shining haze, bub in a large instrument they 
are among the most magnificent objects the liuaveiis idford. 
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The clustor known ii8 “18 Messier” (Herculis), not far from Toiescopin 
tliG “apex of the .sun^s way,” is the flnest in the nortliern 
heavens, containing several thousand stars within a space one 
fourth of the diameter of tho moon, ty Centami, in the aoutli- 
orii licmisphoro, is perhaps even finer. (See Fig. 195, from an 
A reipi ipa ph o togr aph . ) 

The gUGStion at once arises whether the stars in sncli a edusten’ .suu’hIii^ 
are comparable with our own sun in magnitude and tiaifitorH*' 

from each other by distances like that between tlio sun and i»i>obably 
a Centauri, or wliothor they are really small and olondy n>aUy«miill 
packed, — more sparks of stellar matter; whotlier tlio swiirm 
is about the same distance from u.s as tho stars or far beyond 
them, 

Half a century ago the prevalent view was that they and the 
nebulie (tho nel)uly3 being then supposed to bo really clusters) 
are, in fnet, “stellar 
uni versos” so remote 
that the separate stars 
can 1)0 made out only 
with tho tolos(M)pe, — 

“(Talaxies,” like tho 
group of stars to whicsli 
it was supposed tho 
sun l)elongs, but h{) 
inconeoi vably distan t 
that in appoaranco they 
dwindle to mere shreds 
of luminous cloud, It 
is now, however, quite 
certain that the oppo- 
site view is oorreet. 

Those objects are 

among onr stars and form a part of onr oion stellar iinivarso, 

Largo and small stars are so associated in the same el us tors 
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and nebiilse (see Fig. 196) as to leave no doubt on the i)oint, 
although it has never yet been possible to determine the actual 
parallax and distance of any cluster or nebula. 
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NEBXJLiE 

599, Besides the clusters there are other luminous clouds 
^vhich no telescopic power resolves into stars, and among tlieni 
some which are brighter than miuiy of the clusters, '’rhese iri'e- 
solvablc objects are the nehiUoi (clouds), of which something like 
ten thousand are now catalogued, witii probably iiundrcds of 
thousaiT-cls as yet uncatalogued, but discoverable by idiotography. 
Half a dozen of them are visible to the nulcod eye, — one, the 
brightest of all and the one in which the temporary .star of 
1885 appeared, is the Great Nebula of Andromeda (b''ig. 200). 
Another, next in briglitness and the most beautiful nebida of 
all, is that in tho sword of Orion. (See Fig. 1 97, from ICooler’s 
magnificent photograph of the nchnla, made in 1900.) 

The larger and briglitor nebulrn are mostly irregular in form, 
sending out sprays and streams in all directions and (sontaining 
dark openings and “lanes.'' Tlicy arc of enormous volume. 
Tho nebula of Orion (which includes within itself the mnltiple 
star 0 Orionis) covers several square degrees, and since we know 
with certainty that it is far more remote than a Centauri, its 
cross-section as seen from the earth must exceed tho area of Nep- 
tune's orbit by many thousand times. 'f'Jio nebula of Andromeda I 
is not quite so extensive, and it is rather more regular in form, 
though it shows curious dark skoaks within it. 

The smaller nobulce are usually more or less nearly oval and 
brighter in the center. In tho so-called nehulous stays tlie eontrnl 
nucleus looks like a star shining throiigli a fog. 

Tho planetarif ncbulao are nearly eircular and of about uni- 
form brightness throughout, and the rare annular or r% 
Tiehuloi are darker in tho center j tho lincsl of these is the one 
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in tho Gonstellaiioii o£ Lym (Fig. 198). Many of Uio ncbulai 
exliiblfc a iGinarkablo spiral or wliirlpool-lilai Htruclurc in largo 
telescopes. Indeed, tlie pliotograpliic work of Kcolor shows 
that this spiral sU’ucluve is porhaps prcdoiuinanl in tlio groat 
majority of nebulio. Fig. 109 is from his photograph of tho 
so-called “ whirlpool nebula,” 51 Messier, 'Jliero arc numerous 



Fia. 200.— Nobula of Andvomoda 
Koboi’ls 


dox^le nebuleo, perhaps double stars in procciss of making, and a 
few that aro variable in hrigJitnessy though no poriod icily has 
yet been asocrtaiiiod in their variations. 

The great majority of the nobulio aro extremely faint, but the 
few that arc reasonably bright aro vory intoresting objects with 
large telescopes. 

600. Drawings and Photographs of Nobulffi. — Not very long 
ago the correct rejirosentatiou of a nebula was an oxtromoly 
dihioult task. A few more or less elaborate engravings exist 
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of perhaps fifty of the most conspicuous, but x)hotograpliy has 
recently taken possession of the held. The first success in this 
line was by Henry Draper of New York, in 1880, in xihoto- 
graxdiing' tlvo nebula of Orion, 

Since his death in 1882 great xirogress has been made, both 
ill Euroxie and this country, and at xn’csent xihotograxihs have 
(Xnite superseded drawings. The x>hotograiihs are continually 
bringing out new and beforo,unsusx)ected features not visible in 
any telescope. Fig. 200, for instance, is a half •'tone rcxiroduction 



Fin, 2ft1 . — Groat NoFiila In Monocoros 
Itoborta 


of a xihotog]*ai)h of the nebula of Andromeda, taken by Mr, 
lloherts of Liverpool in 1888, which Ava.s a revelation to astrono- 
mors. It shows that the so-called “dark lanes,” which up to 
that time liad been seen only as straight and wholly inex^ilicalilo 
markings, are really curved ovals, like the divisions in Saturn’s 
rings, and brings out cleai'ly a distinct annular or spiral structure 
pervading the whole nebula, tbougli never yet soon by the oyo. 

li'ig. 201 is a x)hotograx)b by lloborts of a faint but enormous 
nebula which oovers an area more than a degree in diameter 
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in the oonstelliition of Monooeros, — tippaventl}^ a olmos in the 
inUial atug’os of evolution. 

The photograph has its drawbacks, however ; stars present in 
the nehnlro aro not propjorly shown, nor is tlie relative brightness 
of dii'Coi'csnb portions fairly given on any single negative. The 
exposure neoeasary to bring out faint details is far too great for 
lliu brig] iter parts of the nebula and wholly destroys the stars. 
Moreover, the nebula is very ricli in ultra-violet light, so that 
the I'clutlve pliotograplm brightness of dii’forcjnt parts diffors 
from the visual. In Fig. 208 (Sec. 602), made with a slitless 
speetroHcopti used as a “prismatic camera,” the brightest images 
of the unuular nebula in Lyra are ultra-violet, made by light 
invisihlo to the eye. 

Tho photographs not only show new foatures in old nebuho, 
but they reveal imraonso numbers of nebulro invisible to tho eye 
with any telescope. Thus, in the Pleiades, it has been found 
that nearly all tho larger stars have wisps of nolmlous inattor 
attached to them, as shown by Fig. 196, from a photograpih by 
lloberts. In a small territory in and near the constellation of 
Orion, Piokoring, with }ui 8-inch photographie telescope, found 
upon liis negatives nouvly as large a nnmbor of neio nelmhe uh 
those thnt were previously known within the same boundary, 
and in 1802 Wolf of Heidelberg found 180 small planetary 
nebiTlm in a circle of 1® radius around the star i? Virginia. 
Keeler also concluded that the number that could be photo- 
graphed wltb his 8-foot reflector must be “ many times greater ’* 
than those that could he seen with it. 

\^ery recently Wolf has begun a systomatio campaign for the 
purpose of discovering and cataloguing objects of this ohias, 
using tho nragniiicent twin cameras of 16-inoh aperture, udth 
lenses mticlo by Brashear, inovided by the libemlity of tho Into 
Miss Bnrce. 

Tho photographs of nebnloa require generally an oxposuro of 
from ono to four or hvo hours, or even more, and it may bo 
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noted in passing that tluis :Car the linest iiehuliu' photographs 
li{iv(5 been nindo with rejl&cting tclescop<;s, 

601, Changes in Nebulee, — It cannot, perhaps, he stated with 
certainty that sensible changes have ooc\Trre<l in any of the 
iichiiko since they first hcgiin to he ohsenved, — the early instrn- 
inents were so inf(n’ior to tli(i modern ones tliat the older draw- 
ings cannot lie trusted very far; still, some of the difforeiiees 
hotweon thorn and more recent representations and pliotograidis 
make it extremely probable that real changes arc going on, 

Ali present tlii’. boBt antlimiticabnl iustanca of sach a cliango, according 
to Professor IToldeJi, is in tlin so-called “triful" nebula in iSagiltarinH. 
In tliis object tliero is a peculiar tln’oc-armed ariui of davkinass wbich 
tUvulea tlio nebula into tbvc(( lobes. A In-iglit triple star, whlcb in tbo 
early part of the etnilury •\vns desev-ibed and IlginsMl by llcrsclud and other 
observers as iij the middle, of one of these dark lanes, is now certainly in 
the edge of tlus ludnda itself. The star docs not seiuu to havi! moved with 
reference to the insighboring stars, and it seems, therefovo, that the nohnla 
itself must have drifted and cliangod its form. 

602. Spectra of Nebulse. — One of the most important o:l: the 
early aclnovemcnts of the spectroscope was the proof that the 
liglifc of the nohulie proceeds not from aggregations of stars, 
but from glowing gas in a condition of no great density; Sir 
William Huggins, in 18G4, first made tbo decisive observation 
ly finding bright lines in their speetra.. 

Thus far the spectra of all the ncbulw that show Hues at 
all appear to bo substantially the same. Four bright linos are 
usually easily observed : two of them are due to liydrogon ; but 
the other two, in the bluish green {toUeh are mueh brighter than 
the hydrogen lines)^ are not yet identllled and are almost certainly 
due to some element not yet detected on the earth oj* sim and 
apparantly peculiar to the nelndan « 

At one time the brightu.st of the four linos (A, ROOT) was tlioughO to bo 
tUie to nilm/f'.nt and ev<in yet the stabuneiit is found in some books; but 
it is now curtain that, wliatuvur it may, bo nitrogen is not tlio substanco. 


Question of 
eluiiigOH in 
the iiolmltu. 


Hpooti'um 
(i I'Hfc ol)- 
Bovvoil l>y 
Huggins in 


A btlghU 
liiictl gns- 
enuH spcc- 
ti'inn. 


Ui'lglitost 
Hues duo to 
ail nnkiiown 
olomont; 
olliors to 
hydrogen 
and hultum. 



About 
sovojity 
lltios Itavo 
boon i>liotO‘ 
.grapliod. 


Spcclnim 
of iiobiilft 
of Orion. 


656 MANUAL OF ASTRONOMY 

Mr. Lockyer later ascribed this lino to maf/nesiumt in connoction with 
his '‘meteo'itic hypothesis”; but aubseqinjnt obsiM’Vutions sliow con- 
ohisively that this iduntiiication also is inoorreot. 'I'lio lino and its 
neighbor (A d050) still remain a mystory. 

Fig. 202 shows blio position of tlio principal lines so fjir 
visually observed; in the brighter iiebuUo a, ninnboi’ of others 
are also soinetiines seen and over seventy liave liocji photographed 
in the spectra of different nelniho; the linos of helmm^ as well 
as Iiyclrogen, are gejierally found to be present. 

Fig. 203 is from a photograph by (lotliard of the ring nebula 
and a number of planetary nebula) made with a slitloss spectro- 
scope. In this case each bright line of tlie nebular siJcotrnin 



Fra. 202. — Vtsual Speatrnm of thn Oasiioiw Noltnlm 


is replaced by an image of the object, though the blue- violet 
and. ultra-violet rays alone have impressed themselves upon 
the plate, and, as already mentioned, the brightest photo- 
graphio image of the ring nebula is due to invisible ultra-violet 
light. 

At the bottom of the figure is the photogTaph of Nova 
Auriga), made in the same way, and showing the identity of 
the spectrum of the star at that time with the nebular spec- 
trum. 

One of Huggins’ photographs of the spectrum of the nebiihi 
of Orion shows, in additiof? to the bright lines that are visible 
to the eye, a considerable mimber in the ultrorviolet j am.! what 
is interesting, those lines seem to pertain also to the spectrum 
of the stars in the so-called “ Traperaiun ” {6 Oriouis) j as if, which 
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ia very likely, the stars themselves were more condensatioria of 
the nelmlous matter. Indeed, the telescope show.s that oloao 
aroimd (;neh star the nehulous in at tor lais partially disa^ip eared, 
as if it had been absorbed by it. 

Not all tlie imbula) show the bright-line spectrum. Those 
which do — al)out half the whole nuinbor — are of a f/reenish 
tint, at f)nQO recogni/ail)bi in a largo tele.H{iope. 

I'he white nelndm, with the nebula of Andromeda, the bright- 
est of all, at their head, prtiseiit only a plain, continuous speo- 
tniin, uiunarked by lines of any kind. This, however, docs not 



Fin. 20;t — Nolmlm nnrl Novii AuvIrih 
(ji)llinnl 

necessarily indiimto that the himinous matter is not gaseous, 
for a gas undar prcemre gives a continuous .spectrum,' like an 
incande.Mce.nt solid or li(|uid. 

The telescopic evidence as to the non-stellar constitution of 
nobuhe is tlie samo for all; no nebula resists all attempts at 
resolution more stubbornly than that of Andromeda. 
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ICeelei’, at tliB Lick Observatory, with a powerful spectroscope 
has been able to detect and to measure the radial motion of 
several of tho brighter nebula), It ap[>ears to be of the sainn 
order as that of tho stars, the nebnho observed giving results 
ranging from 0 up to about 40 miles a second, — some approach- 
ing and others reeeding. 

603. Nature of the Nebulee.^As to the real constitution 
and toinperature of tlieso bodies we oan only spO(iulato. 

TJio fact that tho matter Avhieh shines is mainly gaseous does 
not iiidieato that they do not also eontain dark matter, either 
liquid or solid, nor even that this dark matter may nob (ion- 
stibuto tho main portion of the nebulous mass. In tlio green 
iiebulai wo can say with eonfldeneo that hydrogen, lielium, and 
some unknown gas are certainly irresent, and that these gases 
emit most of the light tliat reaches us from them. Ihib liow 
much other less luminous matter in tlio form of grains and 
drops may be included witbin the gaseous (doud wo cannot 
tell. 

Tho idea of Mr. Lockyer (a part of his wide induction ns to 
what may bo called the “ineteoritic constitution of tho universe'*) 
is that they aro clouds of sparse meteorite.s, the collisions of 
which bring about a rise of tomporaturo sufficient to render 
luminous one of tlieir chief constituents,” which some years ago, 
when tlio sentence was written, lie imagined to bo magnoshim, 
though that is no longer maintained. 

How far this theory will stand tho tost of time and future 
investigations remains to bo seen. It is very doubtful, bow- 
over, whotlier the collisions iu such a body could bo frequent or 
violent onougli to account for its luminosity, and ono is tempted 
to look to other oauses for the source of liglit. Luminesceneo ” 
does not require a higli temperature, 

604. Distance and Distribution of Nebula), —-As to their dis- 
taneo, we can only repent that like the s tax'- clusters they aro 
within tho star universe and nob beyond its boundaries j this 
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is clearly shown hy the “nebulous stai-s,” first discuss ocl and 
pointed out by the older Herschcl, and by such peculiar associ- 
ations of star’s and nebulco as we find in the Pleiades (Fig. 196). 
Moreover, in certain luminous masses known as the “ nubeoulie ” 
(near the south pole of tlie heavens), wo have stars, star-clusters, 
and nebnlio promiscuously intermingled. In the sky generally, 
however, the distribution of the nebula) is in contrast to that 
of the stars, The stars crowd together near the Milky Wayj 
the nebuhe, on the other hand, are most numerous near its 
poles, just where the stars are fewest, as if the stars had some- 
how consumed in their formation the substance of whielr the 
ncbuhe arc made, or as if, possibly, on the other hand, the 
nebiiho had heen formed hy the disintegration of stars, — as a 
few astronomers have maintained, in oiiposition to the more 
common view. 


TT-IK CONSTI'i:UTIOK OP ITIE SIDEREAL 


HKA.VEKS 


605. The Galaxy, or Milky Way. ■ — This is a lumiiiou.s belt 
of 'irregular width and outline wliieli surrounds the heavens 
nearly in a great oirolo. It is very different in brightness in 
its different parts, and in several constellations is marked by 
tijark bars and patohos wliioh make the impression of overlying 
clouds j the most notable of these is tlio so-called “coal-sack,” 
hear the southern polo. For about a third of its length (from 
Oygmis to Scorpio) the Milky Way is divided into two nearly 
parallel streams. 

■ The telescope sliows it to be made up almo.st wholly of small 
stars from the eighth .magnitude clown ; it contains also numer- 
ous star-clusters, but very few true nohnlto. 

Fig. 204 is froin one of Barnard’s ex(piiHito small-scale photo- 
graphs of the edge of the Milky Way in the constellation of 
Sagittarius, With a powerful telescope tlie star clouds would 
ho resolved into points of liglit. 
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Flo. 20,1. — Stnv Cloiuls In Edge of Mfiky Way 
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Fig. 20 B 18 from anothor of 
Rarnai'd’s cover- 

ing parts of Scorpio aiulOphiu- 
cliua, The object at the intev- 
saclionof linos indicatod at the 
edge of the figure is the littlo 
star p Opliiuclii, baroly visible 
to tliQ naked oyo, but sur- 
rounded by infinilosity wliich, 
in tlio pliotograx>li, inalcos it ns 



The Galaxy inter- 
sects the eclixitic at 
two oiiposito xioints 
nob far from the sol- 
stices and at an angle 
of nearly 60®, the 
northern “ polo of the 
Galaxy” heing, a<5- 
(uirding to Ilersolujl, 
in the constellation of 
Coma Borenicis. 

As Hersohel ro- 
inarks, “ the ‘ galaetio 
X)lano’ is to the side- 
real nnivorso nuieh 
what the plane of fcho 
ecliptic is to the solar system, — a xilane of nltiinate reforeiu^e, 
and the gromid-plan of the stellar system.” 

606, Distribution of the 
Stars in the Heavens. — It 
is ohYioiis that tiie distribu- 
tion of the stav.s is not even 
a p p r 0 X im a t el y uniform ; 
they gather overywhere in 
groups and streams. 
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conspicuous as Antaves itsolf, below and to the, left, — tlu! middle ono 
of tlie three. Tho dark “lanes” and other starless Hpiice.s in this region 
are very remarkable. 

But besides this the oxainination of any of tlto great stai- 
catalogne.s show.s that tho average lunnber to a sqiuire degree 
increases ra[)idly and pretty regularly from the galaotie pole to 
the galaotie eircle itself, where they are most thickly packed. 
This is be.st shown by tho “.star-gauges” of the elder Herschel, 
eacli of which consisted merely in an enuinorutioii of the .stars 
visible in a single Held of view of his 20 -foot reflector, the fleld 
being 15' in diameter. 

TIo made ill 00 of these “ gaug(!s,” and his son Sir John, using tho sumo 
t<*l(>HCope, folio W(!<1 tip till) work at tho Capo of Good llopo with !1!100 more 
ill tho south circumpolar regions. From tlio data of those star-gauges, 
Struvo has deduced tlie following figuros for tlio munbor of stars visible in 
one lield of view : 
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607. Structure of the Stellar Universe. ~ Herschel, starting 
from tho unsound assumption that the stars are all of about the 
same size and brightness and separated by nx)i)roximatcly equal 
distances, drew fnnn his observations certain untenable con- 
clusions as to tho form and structure of the “ galactio cluster,” 
to which the huh was supposed to belong, — theories for a tiiiie 
widely accepted and oven yet more or Ics.s current, tliough in 
many points certainly incorrect. 

Bub although tho apparent brightness of tho stars does not 
tluLS depend entirely or oven mainly upon their distance, it is 
certain that, as a classi the faint stars are sinallor, darker, and 
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nioro remote than the brighter ones ; we may, liierororc, .salely 
draw a few conchisions, wliich, so far as thoi/ fjo^ in the main 
agree with those of Horseliol and are formulated by Newcomb, 
in his Popular Astronomy^ Kubstantially as follows : 

608. (I) Tire great majority of the stars wo s('o are contiiincd 
within a ai^ace having roughly the form of a ratluir thin Hat 
disk, like a thin watch, with u diameter eight f)r ten times as 
great as ihs thiokiioss, our sun being not far from the ('(alter. 
In other words, the stars whicli composes tlie star system an*, 
spread out on all sides in or near a widely extemh'd plane, pass- 
ing through the TVIilky Way. 

(II) Within this space the naked'eyc stars arii distributed 
rather uniformly, but with some Lendonoy to elnsler, as shown in 
the Pleiades. The smaller stars, on tlie other hand, are strongly 
“gregarious” and are largely gaihcre,d in groups and streams, 
leaving oomparatlvely vacant sjaujcs hetw(}en tlunn. 

(III) At right angles to the “galactic plane” Llu^ slurs arii 
scattered more thinly and evenly than in it, and we find here on 
the sides of tiro disk the comparatively .starless region of the 
nchulco, 

(IV) As to tlie Milky Way itself, it is not certain wliotliev 
the stars which compose it form a sort of tliiii, flat, (jontinuons 
sheet, or whether they arc ranged in a kind of riny or in 

with a comparatively empty space in the middle where the sun 
is placed. 

(V) The cli.sk de.scribed above do(is not reprcsc'iit tlui form of 
the stellar syaloin, but only llio limits witiuii which it is mostly 
contained. Tlio eircinn stances are such as to prevent our assign- 
ing any more dorinito form to ilio system itself than wo could 
assign to a cloud of dust. 

As to the si'/o of the diskliko spacu;, very little, (uiii he said 
positively, but it seems quite certain that its diameL(U’ must be 
at least as groat as from ton thousand to twenty thousand light- 
yeai's, — how much greater wo cannot (wcu guess, and as to 
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wluit is beyond we are atill more ignorant. If, however, there 
Jii’c otlior stellar s^^'eteins of the same order as our own, they are 
iioitlii!!’ tile nebnhe nor the clusters which the telescope reveals, 
but are far beyond tiie reaeli of any instrument at present 
OKistiiig. 

609. Do the Stars form a System? — It is probable, though Question ns 
Dot yet absoluUily proved, that gravitation operates between the 
Hturn (us indicated by tlie motions of the binaries), and they are form a 
t!ortninly moving very swiftly in various directions, The gties' system, 
tioii is wlietiier tliese motions are governed by gravitation and 
uro orhiial i]\ tho common sense of the word. 

'’.ITiurt} lias inum a very persistent belief that somewhere there Exploded 
is “ a groat oentral sun,” around which the stars are all circling, ^ 

. , , , ^ ° contra! sun. 

As to tins, thero is no longer any question; the “ central sun ” 
.sjxanilation is certainly unfounded, though ive have not space 
boro for the demonstration of its fallacy. 

Another Icrh iinproluiblo tloctrhic is that there is a geiiGralreYolntion of Possiblu 
nil the Htav.s around Ihn cc.nicr of gravity of the whole, — n revolution nearly revolution 
in the plntM] oC the Jlilky Way. Half a century ago MaecUer, in his specu- 
Intions ah'omly montionecl, eimcUuled that this center of gravity of the gcutor of 
stoUnr nniv{n'.se was near Alcyone, the brightest of the Pleiades, and that gravity of 
thorol’oro this .Htiir was in a sense the <* contrnl sun.” Yery recently (1900) the whole. 
Andi'di, in his admirable work on Stellar Astronomy, has brought this theory 
iigiiiu into favorable notiee, showing Unit it agrees with several statistical 
facts riduting to tiio proper motions of Uio stars. He oven goes so far as 
to dt'iUicc from tiie data (as they stand at present), with the help of oertaiu Aiulrd’s con- 
aBHvnnptions, tliat our distanco from the “central sun” is about 716 light- cluBlon. 
yeiira, the period of revolution about twenty-two million years, and the 
veluoity of motion about 80 miles a second. But the evidence of any such 
gonevnl revolution of the stars is very far from conclusive, and the data are so 
inanfllcient Unit the numerical rcsnlta are not entitled to much eonfldenco. 


610, Indeed, on the whole, the most probable view still seems Prohahio 
to be tlmt tliQ star.s are moving muoii as bees do in a swarm, 

Gitoh star mainly under the control of the attraction of its nearest motions ato 
neighbors, though induonced more or less, of course, by that of orbital. 
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OiG geiiornl raasa. If this is so, the paths of the stars aro uoi 
“orbits” ill any ‘periodic sense; le., they are not paths which 
return into themselves. The forces which at any nioineiit act 
upon a given star arc so nearly balanced that its motion must 
be sensibly in a straiglit line for thousands of years at a time, 
except in cases wliore two stain arc near together. 

611, Cosmogony. — One of Uic most interesting and one of 
the most baffling topics of speculation relates to the process by 
which the present state of things has come about. 

In a forest, to use an old comparison of Hcrschol’s, wo see 
around us trees in all stages of their life-history, from the sprout- 
ing seedlings to the prostrate and decaying trunks of the dead. 
Is the analogy applicable to the heavens, and if so, which, of the 
heavenly bodies are in their in fancy and which decrepit with age? 

At present many of those questions scorn to be absolutely 
beyond the reach of investigation. Others, though at present 
unsolved, appear approachable, and a few we (aiu already 
answer. In a general way we may say that the eoiuhmsation of 
diffuse, cloudlike masses of matter imdcr the force of gravita- 
tion, the conversion into heat of the energy of motion and of 
position (the “ kinetic ” and » potential ” energy — JPliysics, 
p, 121) of the particles thus concentrated, the off eel of this heat 
upon the mass itself, and the effect of its radiation upon sur- 
rounding bodies, — these principles cover nearly all the explana- 
tions that can thus far be given of the present condition of the 
heavenly bodies. 

612. Genesis of the Planetary System. — Our planetary sys- 
tem is clearly no accidental aggregation of bodies. Masses of 
matter coming haphazard to the sun would move (as tlio comets 
actually do move) in orbits which, though always conic sections, 
would have every degree of ocooiitricity and inclination. In 
the planetary system this is not so. Numerous rohitions exist 
for which the mind demands an explanation and for which gravi- 
tation does not account, 
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Wo note the following as tlie principal ; 

(1) The orhits of the planets are all nearly circular . 

(2) They are all nearly in one plane (excepting those of some 
of tlio asteroiclvS). 

(8) The revolntion of ‘all, without oxc option, is in the same li'nota which 

direotion. liidlcato a 

^ , process oJ 

(4) I here is a oimous and regular progression of distances e-v-oUuionhi 

(expressed by B ode’s Law, which, however, breaks down with 
Neptnno), system. 

As regards the planets themselves ; 

(6) The plane of the planet’s rotation nearly coincides with 
that of the orbit (probably excepting Uranus). 

(6) The direction of rotation is the same as that of the orbital 
revolution (oxc et) ting probably Uranus and Neptune). 

(T) The i^laiie of tlie orbital revolution of the planet’s sat- 
ellites coincides nearly with that of the planet’s rotation, wher- 
ever this can bo ascertained. 


(8) The direction of the satellites’ revolution also coincides 
with that of the planet’s rotation (with the same limitation), 

(9) The largest planets rotate most swiftly, 

Now this arrangoniont is certainly an admirable one for 
a planetary system, and therefore soino have argued that 
the Deity constructed the system in that Avay, perfect from 
the first, But to one who considers the way iii which other 
jierfcot works of nature usually attain to their porfeotion. — ■ 
their processes of growth and development — this explan tv 
tion seems improbable. It appear.s far more likely that the 
planetary system was formed hj growth than that It was huilt 
outright, 

613, The Nebular Hypothesis. — The theory which in its main 'Uio acimitir 
features has boon very generally accepted, tis supplying an intol- 
ligible explanation of the facts, is that known as the “ nebular 
hypothesis.” In a more or less crude and unscion tifio form it 
was first suggested by Swedenborg and Kant, and afterwards, 
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. about the beginning of the present century, aviis worked out in 
mathematical detail by Laplace. He maintained i 

(a) That at some time in the past the mutter whufh is now 
gathered into the sun and planets was in tlio form of a mdiula. 
But there was no assumption, as is erf ten supposed, that matter 
was first created in the nebulous oonditioii, It was only assumed 
that, as the egg may be taken as the starting-point for the life- 
history of an animal, so the nebula is to be regarded as tiui 
starting-point of the life-history of tiie planetary system. 

(5) This nebula, according to him, was a cloud of intamely 
heated gaz, (This postulate is more than question iibhi.) 

(<?) Under the action of its own gravitation the uebula 
assiimed a form approximately globular-, %oith a motion of rotation,, 
the rotational motion depending upon aceidental differonojjs in 
the original velocities and densities of different parts of tin? 
nebula. As the contraction proceeded the swiftness of the 
rotation would necessarily increase for meehanioal roiiwons, 
since every shrinkage of a revolving mass implies a shortening 
of its rotation period. 

{d) In consequence of the rotation tlio globe would nociossavily 
become flattened at the poles and ultimately, as the (ioiitraetion 
wont on, the centrifugal force at the equator would be(!omo e(|ual 
to gravity and rings of nebulous matter, like the rings of Saturn, 
would he detached [not '•Hhroivn off from the centred mass. In 
fact, Saturn’s rings suggested this feature of the theory. 

(c) The ring tluis formed would for a time ixwolvo a.s a 
whole, but would ultimately brealc, and the material loould col- 
lect into a globe revolving around the cenlml nebida as a pUmet, 
Laplace supposed that the ring would revolve a.s if solid, the 
l)ai‘tioles at the outer edge moving more swiftly than those at 
the inner, If this were always so, the planet formed would 
necessarily rotate in the same direction as the ring had revolved, 
(/) The planet thus formed might throw off rings of its own 
and so form for itself a system of satellites. 
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Tlie' theory obviously explains most of the faota of the solar 
system, whieh wore enumerated in the preceding article, tliougli 
some of the oxcopti(uial facts, such as the short periods of the 
satellites of Mars and the retrograde motions of those of Uranus 
and Koptune, (ninuot ho (fxplaiiuul by it aloiio in its original 
form; other cousidorations must be introduced. .Even they, 
however, do not eontradict it,, as is somotiiues supposed, 

.Many things also make it qnestinnablo wliether the outer 
planets are so much older than the iimer ones, as the theory would 
indicate. It is not impossible that they may oven ho younger. 

614. (,)n the Avholo, we may say that while in its main out- 
lines the theory pudahly is true, it also inohnhly needs serious 
modifieations in details. It is rather more likely, for instance, 
that in the early stages the nebula was a cloud of ioc-oold mete- 
oric dust than an ineaudeseont gas, or a “ firo mist,” to use a 
favorite expression ; and it is lilccly that planets and satellites 
were usually separated from the mother orb otherwise tlian in 
the form of rings. Nor is it possible tiiat a tliin wide ring 
could rovolvij in the same way as a solid coherent nuiss; the 
particles near the inner edge must make their revoluthni in 
periods much shorter than those upon the civeumforenco. 

A most serious dilliculty arises also from the ax)parGntl.y 
irreconcilahlo conflict between the conclusions as to the ago 
and duration of the system, which are based on the theory of 
heat, and the length of time which would scoin to bo required 
by the nebular hypothesis for the evolution of our system, 

Our liinits do not pormit na to ontor into a disouasiou of Darwin’s- “tidal 
theory" of satollito formation, wiiich maybe j'ogardod as, in aflonso, «npplo- 
inonfcnry to the nebular liypotliesis ; nor can wo more tluui jnontioii Faye's 
pi'oi)osed mod ideation of it, According to him, tlio imw' piano Is are tlio 
oldest. 

615. Lockyer’s Meteoritic Hypothesis, — Witliin tlio last 
fifteen or twenty years Sir Norman Loekyor has vigorously 
revived a theory whieh has boon from time to time suggested 
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beforsi viz., that' all the heavenly bodies in their present fitato 
are mere clouds of mcteoi% or have been formed by the aggre- 
gation of such clouds j and it is an interesting fact, ns Gr. H. 
Darwin has shown, that a large swarm of meteors in which tlio 
individuals move swiftly in nil directions would, in the long run 
and as a lohole, behave almost exactly, from a mechanical point 
of view, in the same way as one of Laplace’s « gaseous nebula). ” 

Tliis is not vovy strange, after all. According to the inodorn « kinclio 
theory of gases” (Pht/sics, p. 157), a inctoor-oloiul is incclianically just the 
same thing as a mass of gas niaf/ni/ied. The kinetic theory assorts that a 
gas is only a swarm of min u to molecules, the peculiar* gasooua properties 
depending upon the collisions of those molecules with each other and with 
the walls of the inclosing vessel. Magnify sufflciontly the moleonlos and 
the distances between them, and yon have a meteoric oloiul. 

The spectroscopic “facts” upon which Loekyor rests his 
attempted demonstration are, indeed, many of thorn rather doulDt- 
fill, but that does not really invalidate the main idea, except 
in so far as the question of the origin and nature of the light 
produced is concerned. He makes the liglit in all cases depend 
upon the ooUmons between the moLoors, and finds in tlio 
spectra of the heavenly bodies evidences of the prosonco of 
nmtorials with which we are familiar in the inotcoritcs that fall 
upon the earth’s surface. Tlioso identifications aro in many 
cases discredited, and it seems much more probable tliat the 
luminosity depends to a great degree upon other than mere 
mechanical actions. 

616. Stars, Star-Clusters, and Nebulae. — It is obvious that 
the nobxilar hypothesis in all of its forms applies to tho explana- 
tion of the relations of these different classes of bodies to each 
other. In fact, Horschol, appealing only to the “ law of con- 
tinuity,” had concluded, before Laplace formulated liis theory, 
that tho nobulco develop sometimes into clustors, sometimes into 
double or multiple stars, and somotimos into single stars. Ho 
showed tho existence in tho sky of all tlio intormecliato forms 
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botwoen the uebuhv and the finished star. For a time, about 
forty years ago, while it wsus geuemlly believed that all the 
nebuho were nothing' hnt star-cluatora, only too remote to be 
resolved by existing telescopes, his viows foil rather into abey- 
ance ; but tlioy regained ’{u:(!optance in their essential features 
wlien the spectroscope demon stratwl fcho substantial difference 
between gaseous nebuUe and the star-elustors. 

617. Conclusions from the Theory of Heat. — Kant and La- CoiioinsidUK 
place, as Newiiomh says, seem to have reached their results 
V raixmnm^ forward. Modern soiciico comes to very similar oniont. 
eonolnsions by rvorkiug haokioard from the lU'csont state of 
things. 

Many eiroumstanees go to show that the earth was onco much 
hotter than it now is. As wo penetrate below the surface tlvo 
temperature rises nearly a degree (Fabronhoit) for every 60 feet, 
indicating a wliite boat at the depth of a few miles only; the 
earth at present, as Sir William Tliomsoii says, “is in the con- TiiomiHii 
dition of a stone tiuit has been in the lire and has cooled at the 

, (mcoJinl. 

surface. 

'J^he moon apparently boars on its surfaco the marks of the • 
moat intense igneous action, hut seems now to bo entirely 


(ihillcd. 

The planetSf so far as Ave (san make out with the telescope, 
exhibit nothing at variance with tho view that they were onco 
intonsoly heated, while many things go to e-stabliah. it. Jupiter 
and Saturn, Uranus and Neptune, do not aocm yet to liave 
cooled olf to anything like tlu) earth’s condition. 

618. Age and Duration of the Solar System, — In tho atm wo Agofl»ti 
bavG a body continuously pouring forth an. absolutely incon- 
coivablo riuaiitity of heat without any visible source of siii>ply, flyaiom. 
jVs luus b(5on explained idready (Soc. 276), tho only rational 
explanation of tho facts thus far presontod is that which makes 
it a Imgo cloud-man tied ball of clastio substance slowly 
shrinking under its oAvn central gravity, and thus converting 
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into the hhieiio energ}' of lioat^ tlie potential energy of its par- 
ticles ns they gradually settle louairds the cenLer. A shriuka^o 
of 300 feet a year in the sun’s diameter (150 feet in its radius) 
will account for the wliole annual output of radiant lieat and 
light. Looking hachward^ tlion, and trying to iinagino the 
course of time and of events reversed^ we see the sun growing 
larger and larger, until at last it has expanded to a huge (doud 
that fills the largest orbit of our system. How long ago this 
may have been we cannot state with certainty. If wo conld 
assnme that tlio amount of heat j'^early radiated by the solar 
surface had remained constantly the same through all tlioso ages, 
and, moreover, that all the radiai.cd heat came only from the 
slow contraction of the solar mass, jipart from any considt'rabhj 
original capital in tlio form of a Ingh initial iomperature, and 
without any reinforcement of energy from outside sources, — 
Iff ivo oonld asmme these premhes^ it is easy to show that the 
sun’s past history must cover alwut fifteen or twenty million 
years. But such assumptions are at least doubtful ; and if wo 
discard ibem, all tliat can bo said is that the sun’s ago must 
be greater i and probably many times greater, ilian tlie limit wo 
liave named. 

Looking /orjmrd, on the other hand, froin the present towni’ds 
the future, it is easy to coiicludo with certainty that if the sun 
continues its present rate of radiation and contraction and rccoiv(*s 
no subsidies of energy from without, it must within five or ten 
million years become so dense that its constitution will be 
radically changed. Its temperature will fall, and its fuiudion 

1 So far wo have no deotslvo ovUlonco whothov tlio sim has passed its maxi- 
mum of tonipovatiiro or not. Mi*. I<ookyQi’ thiiilts its spectmin (rcsoinbllng an 
It (loos that of Capolla and tho stars of tho second class) proves that It is now on 
the dowmard grade and growing coolor, and tho fact that its donslly is appar- 
ently much liighor than that of other stars — at least than that of tho varlahlos 
of tho Algol typo (see See. 682) — certainly falls In ivell with tho idea tliat It has 
reached an advanced stage of dovolopmont and perhaps passed its culmination, 
But tho ovidonoo can hardly, as yot, bo oonsidorod conclusive. 
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ns n sun will end. Life on the earth, iis wc know lift!, will 
be no longer possible when tlie sun Ims beeojno a dailv, rijrid, 
frozcii g’lobe. At least this is the inevitable (innscuiuinKUi of 
-wliiifc now seems to bo tin? true aeeoiint of tlui sun’s 
activity and tlm, story of its life. 

At the sivnio time it is by no menus eertain tliat tluj pro(ieHH(!s 
now observed Inive been going on stcaidily through all the 
past, or will eontinue to do so in tlie future, -without break 
or inteiTuption. Catastrophes aiul piiroxysms, sudden tilmugos 
and reversals of the (souvse of ovtmls at (jrithial inoineuts, 
are certainly possihhi and aetually ocauir, ns the plienoinena 
of the solar surfaee and temp( n-ary stars abundantly make 
cvklent. 

619. The Present System not Eternal. — (hic lesson seems to 
to be clearly taught; that tlie present system of stars and worlds 
is not an eternal one. We have before ns eyerywhere evidence 

■ of continuous, irreversible progress from a dolinite beginning 
towni'ds a definite end. Sea tiered partieh's and musses are 
gathering together and (iondensiiig, so that tlio griiat grow eoii- 
tinuaUy hirger by eapturing and absorbing tlie sinaller. And 
yot, on the other hand, tlie phenomena of the coronal streamers, 
of comets’ tails, and those presented hy tli(3 swiftly expanding 
nebulosity of Nova Ihirsei, seem to indicate in eertain <3ases a 
process exactly t!io reverse, — a repulsion and dissipatioii in 

■ apftco of finer grained materials, possilily the “ ions ” of the 
iiiOBb modern pliysiiiists. 

At the same time tiic hot bodies arc losing tlicir heat and 
distributing it to the eohler ones, so that tlierc is an uurenutting 
tondoucy towards a uniform, and therefore useless., temperature 
'"throughout our wliole universe; for heat is available as energy 
it mu do work) only when it (san pass fi’oin a wiiriner body 
to a colder one. 'I'lie eontiniial warming up of eooUir bodies at 
tlio expense of liotter ones always means a loss, therefore, not 
HI- energy, for that is imlestriietible, but of availahU enei’gy, 
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To use the ordinary teclmical term, energy is continually 
“dissipated” by the processes which constitute and inaintain 
life on the universe. This “dissipation of energy” can liavo 
but one ultimate result, that of absolute stagnation whou tlie 
temperature has become everywliere the same. 

If we carry our imagination backward, we reach “a begin- 
ning of tilings,” whicli has no intelligible antecedent; if for- 
ward, we come to an end of things in dead stagnation. Tluit 
in some way tliis end of things will result in a “now lieavens 
and a new earth” is, of course, very probable, but science as yet 
presents no explanation of the method. 

EXERCISES 

1. Find tho mass o£ the system of a Conlaui'i from tlio dntsv given in 
Tables IV and VH; namely, parallax (p) = 0".7r), scini-nmjor axis of 
orbit («") = 17".70, and period (/) =81.1 years, (Seo Secs. nflO and 501.) 

yl«s. Mass of syRlein = 1.00 x mas-s of tbo sun. 

2. Find the mass of tlio system of Sirius from tbo tabular data. 

' Ahs. !}.07 X mass of tbo sun. 

3. Find tbo mass of tbo system of Cnssiopoim from tbo tabular data. 

A «.f. 2,10 X ina.S3 of tbo sun, 

4. Find tho mass of tho system of 70 Oplnuclii from tbo tabular data. 

.ln.v. 2.02 X mass of the sun. 

Noth,— Tho results obtained by tbo solution of problems 1, 2, 3, and 4 will not 
agroo with thoso glvoii in See. fiDO, bocauso of tho dilToi-ont viibios of parallax 
omployod. Tho dlsoropanclos fairly llliistrato tho iim'ortiilnllo.s of our prosont 
knowledge. 

6. Find the radius of tho apparent orbit of the spoctroscopio binary 
Laciiille 3106, the relative velocity of tho compomnUs boing 385 milos a 
second and the period 3‘12*‘4C"', us indicaled by tho doubling of tho lines 
111 tho spectrum. Assume that tho orliit is ciroiilar, tlial its iduno is 
directed towards tlio siiii, and Hint I ho two compononts avo equal. 

Jn.s‘. Ratlins of orbit = 10 *103000 miles. 

6. Compute tho mass of the system on tho snnio assumptions as nbov(‘, 
remembering that the radius of this apparent orbit is also the radius of the 
relative orbit whicli each component describes around tlio othov regarded as 

vlns. 76.76 x mass of the sun, 
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?. Carry out .similar computations for tlm aystums of ^ Uratn Mnjoria, 
/3 Aiirigse, Scorpii, using the data of S«!(5. rjpd. 

8. Deterniino the radius of tluj orbit tlcsiu'ibod by Spioa Virginia, na 
shown by tlui shift of tlui liiwjs in its spontrum. Vnlociity =s H^btl miles a 
second; period = 4'VU)"‘. Orbits nssJimod niiHiular tiiid in piano. t)£ tlio sun. 

/I«.v. Radius =: jl lliddOO itiiloa, 


9. From this dotormino tho mass of tlio sy.stoin, iisauiniiig that tiu) niiisa 

of the brig'lit star is inflnito.siinal ns coniparcd with that of tho <lark star, 
i>., that it is a ajnall planet revolving around a darktusntrul aim. (A very 
linpro'bablo liypotliosls, of coursu.) yla.v, O.HIO x mn».H of t)m aun, 

10. - What is tho niass of tho syatoin if tlio dark star is mpial to tho 
bright one? (In lliis (lu.so tho radius of tho rdalwe orbit is tho diainotor 
ci the apparent orhit of Spioa, or tlmthln its valiio in tho lust ox'tunplo.) 

y*' X O.lUfi, tn* ‘d.r>!2(), X mass of tho aim. 

11. Wliat is tho mass if tho ilark star has a miiHS only oiio fourth that 
of tlio bright one? (In this oiiso tlio orbit of tho jliirk atar hiis a iJidiu.s 
J times ns groat as tliat of Spioa, and tho radius of tlu> rcUttUin orhit ia 
5 ilinoa ns groat as that of tho apparoat orliit of Spioa.) 

yim. I)’’ X O.illfi, or !J0. 117, X muss of tlio aim; tho jimsH. of tim 
bright star boiug ill.fii) and tliiit of tho darlc atm* Indiig niiu fourth tm 
groat, or 7.87. 


Notk. — Tho ussiunpMoii lliat tho hrlKht star Is a sin nil iiliiiiot, rovolvltig armiiid a 
dark coiitrnl hotly vtisily mtn*o mnssivo Hum llHtdf, glvtts us ii minor limit (t» Mio jhw- 

! Mo mass of the sysiimii liiii llio major limit oiiiiiiol ho llxod wltlmut kmnvioilgo us 
> the rolatlvo mns.'i of tli« iliirk hotly. 

If tho dark lioity Is largor Hi an tho hriglit oim, Hm mns.s tif ilio HysUiin eiiiuitii. oxonoil 
Eglit lliuos that in I tit ir limit. 

'Tho gonornl furimila Is oiiHlIy ohtiilmiil; lot n ho tlio railo hotivtiori tho idiihhoh of 
tio bright nml tiurk slars, so that If r Is tho riullns of I ho oindo ilusorllnid hy ilm 
dsM si or around tlio l•(lmm(m I'onlrr, tho nitlliis ttf tIm olndo tlosi'rlhiwl hy tho otlior 
rill bo »u’, luul Hio riiillnH ttf I ho rdnilm ttrhii will ho (u i I) r. Also lot ho ilio 
illtllcd mnsB of tho two sdirs. Tliitii, ox]iri>sHliig (ho iiorhsl, f, In ytmrs, r in HSlrmuimh 
,jil milts, nml At ill torms «if (ho sim’s mass, wo have 

pT ' ‘Tho fnotor (a i'J)** hoooinos iiiilly whoii wimii Mm hdfjht sfrij* In it 

W pftrllolo; and liUiidly whoii n hoomuos lMlhil(i', -/.o., wliun llm dtirAishir Is n luii-tltdii 

I . revolving nt Hio iulhilto illHiuiiim, r(n i- 1). It hoitimitiH K wlioii »«> 1, thu Iwit stiirK 
^ , being oqiittl. 

f.’ ;/- It may boadilod that Iho iissiimplloii (hat (lio orhil. Isoimilitr utul th 'i tls plniiti 
Llirough tlio solar systom In oiillrtily griitiitioiiH mill mil llludy to ho oorroot. 
tho geiioral olmnuam’ of tho rosiilts won hi not ho Horimmly ohmigml itiiloss lliu 
nolltiAtioii and ti(!i;oiitrl<iily uf tlio urldt worn grout, as, for InNliumo (pruhiihly), 
the case of Polnrls. 
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700, Transformation of Astronomical Coordinates. — It is often nooos- 
saiy to change one set of coordinates into anoLlier } to convert, Cor 
instance, right ascension and declination into altitude and azimuth 
or into latitude and longitude, and vice versa. ^L'he process is a sim- 
ple trigonometrical calculation, in which we liavo to deal with spher- 
ical triangles having (usually) given two sides and the inoludod angle. 
There are various methods of solution : we may drop a porpondiou- 
lar from one of the unknown angles upon the opposite side and carry 
out the solution by Napier’s rules for riglit-angled triangles ; or wo 
may apply Napier’s analogies to compute the two unknown angles ; 
or, finally, wo may use an auxiliary angle, as indicated in Campholl’a 
I*ractical J stronomy. 


701, To convert Right Ascension («) and Declination (S) into Alti- 
tude (A) and Azimuth (A). — The observer’s latitude, </>, must also bo 
known and the sidereal time, Q. Referring to Fig. 206, wo soo tluik' 
the triangle to bo solved is OPZ^ in which wo have PZ = 90® — 

= 90® — 8, and i, the hour angle ZPO^ = (a - $), Roq.uired Z(t^ 
or a (which — 90° — A), and the angle PZO (which is the supplement 
of SZOy the azimuth A), d 

The formula most used are the following (Campbell’s Praotiec^ 
Astronomy f Sec. 6); 

n sin N = sin S (a) 

11 oqs N = cos 8 sin i5 ( b) 

whence, tan N = tan 8 sin t, i 

N is the auxiliary angle, and its quadrant is dotormiuod by equal 
tions (a) and (i), which give the signs of its sine and cosine ; ii i| 
always positive, but is not used. 

sin(<^-N)’ cos A 

Care must ho taken to observe the algebraic signs thronghout, 
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7024 To convert Right Ascension and Declination Into Latitude and 
Longitude. — The triangle to bo employed is OPP' (Fig. 20(1) ^ in 
which we have given PP' = e, the obliquity of the eoliptie (20° 28'), 
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703. Projection of a Lunar Eclipse (supplementary to Sec. 288). — 
We take as an example the eclipse of Oct. 16, 1902, •which will bo 
generally visible in the United States, 

The data, as given in the American Ephemeris, are ; 


Sun 

Moon 

Declination 

8° 66' 20" 6 S, 

0°08'62".7 N. 

Hourly motion in right ascension , 

0>.83 

188«.31 

Hourly motion in declination . . . 

0'66".2 S. 

10'00".4 N. 

Semidiaineter 

10' 03". 1 

10' 08". 3 

Horizontal parallax 

8". 8 

60' 18".2 

Greenwich mean time of opposition in 

right ascension, Oct 

16, 18>‘10"'12*.7. 


A convenient scale is 1000" to the inch; this will bring the 
figure within the limits of an 8 x 10 sheet, and is largo enough 
to give all the accuracy required. Fractions of a second of arc 
are neglected. 

The work is made easier by the use of squared paper, but the 
results are seldom quite as precise, because of the inaccuracies of 
the ruling. 


704, I. The first step is to lay off the ^‘relative orbit " of the moor 
with respect to the shadoio. Draw two lines accurately perpendiob 
lar to each other, their crossing point 0 (Fig. 207) being the plac'’ 
of the moon’s center at the moment of opposition, 

(a) On the horizontal line BW lay off the difference of tb|^ 
hourly motions of the sun and moon in right ascension, expressed 
in seconds of arc and reduced to seconds of a great circle^ by 
ing by the cosine of the moon’s declination. In this case wo havff : 
(138.31 — 9,33) X 16 X cos 9® 08' 63", which equals 1910". Oh an,^ 
Od are each Ipid off with this value, while Oa and Oe are made twicj 


as great. 

,(i) At h and d lay off perpendicular to the line EW the difforonc^ 
of the hourly motions in declination (the shadoio moves north whe® 
the sun moves soidhy We have in this case (10' 06".4 - 0' 66".2)J 
which equals 661". We lay off, therefore, at h and d ordinatel 
each equal to 661, and at a and & ordinates twice as great, ^ 



APPENDIX 


677 


Since the moon is moving northwards, the ordinates west of 0 
must be laid off downwards^ and east of 0 upwards. 

If the work has been carefully done, the four points thus plotted 
will lie accurately on a straight line with each other and with t?, and 
will be tlie x)oints occupied by the moon's center one and two hours 
before and after ox)positibn. The hours ” on this line are to he 
divided into halves and quarters, and wherever necessary the lifteoii- 
mimite spaces can bo divided into five-ininute portions. 

IT. Marli tha emUv of the shadow. Lay off north or south of 0 a 
distance equal to the difference of declination of the moon , and the 




shadow. (The declination of the shadow is the same^as the sun's 
with its sign chwnged^ In this case we have OC ~ (9 08 62 .7 ^ 
fjo 1)5' 20".6) 812", to be laid off to the soutii becanse the moon 

is north of the eon tor of the shadow. 

Ill, Find the radius of the shadow and draw" the shadow, 
Fi-om Fig, 208 we see that MEN (the angular semidiameter, or 
“ radius," of the shadow) = aNB — ACO or BCO, But BCO 
OEB — EBh, so that MEN = aNE + EBh — OBB, aNE is the 
horizontal parallax, P, of the moon ; ■EBh is the horizontal parallax. 
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of the sun; and'OBR is the sun’s semidiameter, fi, as seen from 
the earth. As a formula this is written ‘S') (the 

being applied to take account of the slight apparent enlargement 
of the shadow by the earth’s atmosphere). In this case wo have, 
therefore, 

p = (69' 13".2 + 8". 8 16' 03".l) = 26<I:2". 

With this radius and C' as a center^ the outline of the shadow may 
be drawn, but it is not necessary. 

IV. Mark the on the relative orbit oeeupied by the inoonU 

center at the vioni&ivts of contact with the shadoiv. 

(a) To the radius of the shadow add the aeraidiamoter of tlie 
moon (in this case 2642" + 968" — 3610"), and with this distance 
as a radius, from (7 as a center, strike two arcs cutting the relative 
orbit at I and II, which give the position of the moon at the two 
external contacts. 

(p) Subtract the moon’s semidiameter from the radius of the 
shadow, and with this difference (2642" — 968" = 1674") as a 



radius, from U as a center, find the points II and III of internal 
contact. The figure may be completed by drawing the circles to 
represent the moon, using I, II, ilf, III, and IV as centers, il/", the 
middle of the eclipse, is, of course, half-way between II and III. 

V. Finally, read off the times of ooiitaot on the relative orbit 
regarded as a scale of time. For points west of 0 subtract the 
time readings from the time of opposition (18''10"‘.2 in this case), 
and for points east add them,' 
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In. the preisent case the projection as figured gives the following 
rcanlts : 


I 

II 

M 

III 

IV 


- 0‘'C1™.0 

- O’* 0"‘.7 

-1- 0>*38"*.0 

+ p'ao^.s 

18 10 .2 

18 10 .2 

18 10 .2 

18 10 .2 

18 10 .2 

10 17 .2 

17 19 ,2 

18 03 .6 

18 48 .2 

10 49 .7 

(17.3) 

(10.0) 

(03.4) 

(47.0) 

(49,7) 


Tlio flguros In iiaroiithosos arc the calculated results ns given in the Amoricnii 
Kphcinoris. 

To got oastorn standard time ^j^ubtraet 5 hours ; t.e., tlie eclipse 
liegins at i;l’'l7*".2, IC.S.T., its middle is at 1'’03"'.6 a.m., and it ends 
at 2’*49’''.7 A.M., being total from 12'*19'”.2 until l‘*48''\2 A.an. 

705. Calculation of the Eclipse. — This is very simple, the triangles 
concerned being all right-angled plane triangles. Five-place loga- 
rithms are siifilcient. 

I. From the elements given in the Almanac, form the following 
quantities : 

(a) The relative hourly motion in right ascension in seconds of arc, 
■rethiGcd to are of a great circle, as in I (a) of the preceding section (Oi 
in arig. 207). It comes out 1910".2 in this case. (Beginners m'e 
very apt to forgot the •nuiltiplication hy cosine of nioon*s deelination.') 

(J)) The relative motion in declination (ht in the figure), 661", 2 
in this case. 

(c) The distance of the center of the shadow from tlie point of 
opposition ^tho line OC in the figure), 812".2 in this case. 

(d') The radius of the shadow, p (the line CN in the figure) = 

(P -h « — Srfi, in this case 2642",2. 

(/?) The distance C, I, and C, IV = (/> + -Sc) = in this 

ensG. - . 

(f') The distance C, II, and C, HI — (p ~ S^) —!&• - m 
this case, 

II. Ill triangle Obt, gwen Ob and bt, oompiite the angle hOt (=i), 
and the hypotenuse Ot, the orbital relative hourly motion, p eonies 
out 16° 6'.8 and Ot, 1988 ";2 (but only its logarithm is needed). 

III. In triangle OCM, given OC (812".2) and angU OC|f. 
(i « 16“ 6'.8), compute CM (780".4) and log OM. — 
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(in hours) by which the 'iniddU of the eclixysa differs (eavlioi’ in tliifl 
case) from the time of opposition, ooines out ^"'.78, giving 

18J'03'»,4 for the middle of the eclipse. 

IV. In the triangle CM, I (or CM, IV)/ 

(780".4) and C, I {p + i,e,, 2642".2 + 9C8".3 == 3GJ,()'i.fi), <’nni- 

pute log M, I. is the time (in hours) by which I prOGodofl or 

ot 

IV follows the middle of the 0 clip.se j it comes out 1^^773 or 
l*‘46®.4j so that contact I occurs at 16i‘17'«.0, and IV at 15)i'40'>'.8, 

V. In the triangle 11 (or CM, III), having given HM and 

't T 

Cfll^p ~ S(i (= 1673", 9), compute log M, II. = bimo ^ 3 - 

which contacts II and III precede and follow the middlo. It 
comes out 44’".70, so that contact II occurs at 17tl8"‘,7, and 111 
at 18>'48"M. 

The slight differences between these results and those givoii in 
the Ephemeris are probably due to the fact that the latter uaoa for 
P) (7^ +i> — S(i), instead of of tho same. But tho fciiiiOH 
cannot be observed within half a minute, 

It should be noted also that the motion of the moon is not quite 
uniform, either in right ascension or declination during tlin throo 
and a half hours of the eclipse, as assumed in. the projection and oal- 
culation. It would greatly complicate the matter to take tlie varift' 
tions into account, and is unnecessary, considering that the tenths 
of a minute (which alone would be affected) are quite below tho 
uncertainties of observation. In the computation of a solar oolipfiG 
tile variations would have to be included; but that subject lies 
quite beyond our scope. 
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THE GEEEK ALPHABET 


Lottors 

' Name 

Lottoi's 

Name 

LottorB 

Name 

A, U, 

Alpha. 

I, 

Iota. 

p g, 

Rho. 

B, A 

Beta. 

K, K, 

Kappa. 

O ' 9, 

Sigma. 

r, 

G-arama. , 

A, X, 

Lambda. ' 

% h 

Tau. 

A, S, 

# Delta. 

M, fi, 

Mu. 

r,v, 

Xrpsiloii. 

E, e, 

Epsilon. 

N, V, 

Nu. 

4>, <f>, 

Plii, 

z, C, 

Zeta. 

H, 

Xi. 

Xj x> 

Chi. 

H, V> 

Eta. 

0, 0, 

Omicron. 

% •/', 

Psi. 

®, $, 

Theta. 

n, TT o, 

Pi. 

0, C) 

Omogn. 


MISCELLANEOUS SYMBOLS 


(5 , Conjunction. 

□ , Quadrature, 

<? , Qpposition. 

^ , Asoending Node, 

^ , Descending Node, 
cu, angle between line of 
e, obliquity of ecliptic. 


A.R., or a, Right Ascension, 
Deol., or 8, Declination. 

X, Longitude (Celestial). 

/3, Latitude (Celestial). 

0, Latitude (Terrestrial), 
odes and lino of apsiclos. 


DIMENSIONS OE THE TERRESTRIAL SPHEROID 

(According to Clnvlco's Splioroid of 187S, For tho splioroid of 180(1, hoo Sac. 

Equatorial semidiarnetor, — 

20 92G202 feet = 3963.296 miles = 6 378190 meters. 
Polar semi diameter, — 

20 864895 feet = 3949,790 miles = 6 366466 meters. 
Mean somidiameter, ie,, ^ (2a + J), ~ 

20 902433 feet = 3968.794 miles = 6 370946 meters. 
Oblateness (Clarke), (Harkness), 


Length (in meters) of 1® of meridian in lat. ^ = 111132,09 -' 660.06 
cos 2 ^ -p 1.20 cos 4 A, 
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Length (in meters) of 1“ of parallel in lat. ^ = IL 1416.10 (i03c/» 
— 94.64 cos 3 (j). 

1" of lat. at pole = 111699.3 meters = 69.407 miles. 

1“ of lat, at etjuator = 110567.2 meters = 68,704 miles. 

These formulse correspond to tho Clarke Spheroid of 1800, used 
by the United States Coast and Geodetic Survey. 


TIME CONSTANTS 

The sidereal day = 23*‘ 66’” 4®.090 of mean solar time. 

The mean solar day — 24'* 3’" 66®.666 of sidereal time. 

To reduce a time-interval expressed in units of mean sola)' time to 
units of sidereal tinie, multiply by 1.00273791; log of 0.002737iU 
= [7.4374191]. 

To reduce a time-interval expressed in units of sidereal time to 
units of mean solar time, multiply by 0.99726967 = (1 — 0.00273043); 
log 0.00273043 = [7.4362316], 

Tropical year (Leverrier^ reduced to 1900) 366*' 6’‘ 48'” 46*.61. 

Sidereal year " “ « 366 6 9 8 .97. 

Anomalistic year “ “ « 366 6 13 48 ,09. 

Mean synodical month (Neison) .... 29''J2'‘44'" 2®.86'I. 

Sidereal month 27 7 43 11.646. 

Tropical mouth (equinox to equinox) . . 27 7 43 4 ,68. 

Anomalistic month (perigee to perigee) , . 27 13 18 37,44. 

Nodical or draconitic month (node to node) 27 6 6 36 .81. 


Obliquity of the ecliptic (Newcomb), 

23“ 27' 8". 26 - 0".468 (i - 1900). 
Constant of precession (Newcomb), 60".248 -j- 0. 000222 (i — 1900). 
Constant of natation (Paris Conferenoc, 1896), 9". 21. 

Constant of aberration (Paris Gonferenoo, 1896), 20".47. 

Solar parallax (Paris Conference, 1896), 8 ".80. 

Velocity of light (Michelson and Newcomb), 

186330 miles, 299860 km. 
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TABLE TT — THE SAa’ELLITES 
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Sy..o.Uo period &y ll I’gSI 

S,9 


agai'jiWh, aj.7 5 ->o 8 dO’' 


SfAllS 



^ SpRoillo gravity 
HU 3.4i 


Orbits sotislbly 
colnoUloiit witli 


planet’s equator 


14 18'' 28™ a5\0 

8 13 17 C3.7 

T 3 59 35.9 

IQ IS Q rt.O 

2" 08' 8 

1 38 57 

1 59 53 

1 57 00 

1 





I Tlio plnuoa of 
t|)0 5 Inner orbits 
I sensibly coinoiilo 
I wltli tiie plane of 
the ring 


Dlhcovorort In. 
iloiioiulontly by 
Lussoll 

On Aroiinlpa 
i piiotograpfia 


of Asoond, 
: Norte of orbits on 
;;.plsn& of eoilptlo 
( 1000 ) 


07*51' 

M 

a 

Ine. to celestial 

equator 75* IH' 

(11)00) 

0 

0 

0 

0 

1 


145* 12' 

120* 05' (1000) 

0 

2000? 



Ilotrogi'iirto 
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TABLE IV — STEIXAU PAllALLAXES AND PEOPEll MOTIONS 


(Kiintoyii, 1{)0L) 


6 

'A 

NaMk 

o (1000) 

6 (10(10) 

Mag. 

Pnral- 
Inx (i») 

S 

List. 

(light- 

years) 

m 

proper 

Motion 

(/O 

dross 
Motion 
Ctf ^ 1/ 
(miles 
licrseo.) 

1 

Qrooinbrldgo 34 . . 


0'd2™.7 

l-lir 

27’ 


0".30 


11.0 

2".8« 

29.4 

2 

i Tuouiiro 


OM 

.0 


El 

la 

0 .15 


mim 

2 .05 

40.0 


ft Hydra) ..... 


0 20 

.5 


El 

MM 

0 .11 



2 .28 


•1 

)) CasBiopola) , . , 


0 43 

.1 

4-57 

17 

3.8 

0 .10 


17.2 

1 .20 

Be 9 

i> 

y. CnsBlopcho . . , 


1 01 

.0 

+ 64 

20 

5.4 

0 .11 


20.0 

3 .75 

■ml !■ 


T Coll 


130 

.4 

-10 

28 

3.7 

0 ..32 


10.2 

1 .0.5 

Hjr fl 

7 

cKrldaui 


ti 15 

.0 

-43 

27 

4.4 

0 .10 


20.4 

.3 .03 


8 

OiUrldanl .... 

• 

4 10 

.7 

- 7 

40 

4.7 

0 .18 


18.1 

4 .06 

BSi 9 


a Taurl (Ahhibariin) 


4 30 


+ 10 

18 

1.2 

0 .117 



0 .10 

6.1 

10 

Cordopn X. 1’, S-Ui . 


5 07 

.7 

-44 

50 

8.5 

0 .327 



H .70 

80.0 

11 

SlrhiB 


(140 

.8 

-10 

35 

“1.4 

0 .,38 



1 .31 

lO.l 

in 

Proeyon 



.1 

I- 6 

20 


0 


10.0 

1 .'25 


m 

10 UrHto htaJorlB . . 



.2 

+ 42 

11 


0 .20 


10.3 

0 .60 


M 

LhlSllC 


Rli 

.0 

+ 53 

07 

Mil 

0 .14 


23.3 

1 .00 

■otfH 

1C 

Arg.-Ooltzou 10803 . 


10 05 

.3 

+ 40 

58 

7.0 

0 .18 


18.1 

1 .43 

23.4 

10 

Qroombrtdgo IWO . 


10 21 

.0 

+ 49 

10 

0.3 

0 .11 


20.0 

0 .80 

23.8 

17 

LI. 21185 


10 67 

.0 

+ .30 

38 

7.5 

0 .47 


0.0 

4 .76 

29.7 

18 

1,1.21258 


1100 

.5 

+ 44 

02 

8.6 

0 .21 


13.0 

4 .40 

53.0 

in 

QroomlirUlge IHSO , 


1147 


4- 38 

20 

0.0 

0 .16 


21.7 

7 .«» 

188,2 

20 

LI. 22061 


12 10 

.0 

- 0 

44 

0.0 

0 .14 


23.3 

1 .02 


21 

o Oenlrtwri .... 


14 32 

.8 

-00 

26 

0.0 

0 .70 


i.a 

3 .07 

9d t9 

22 

l•’^>^aconl8 , . , , 


17 30 

.2 

+ 55 

16 

4.0 

0 .,32 


10.2 

0 .10 

9r|9 

2;) 

Arg.-OoHzon 17415 . 


17 37 

.0 

+ 08 

20 

0.0 

0 .25 


13.1 

1 .27 

Be 9 

21 

70,i*, Ophlucld , . 


18 00 

.4 

+ 2 

31 

4.2 

0 .10 


20.4 

1 .13 

Bio (9 

2r, 

a Lyrra (Voga) , . . 


18 33 

.0 

+ 38 

41 

0.4 

0 .15 


21.7 

0 .30 

7.1 

20 

a Aqutin) 


10 40 

.0 

4- 8 

30 

1.1 

0 .21 


13,0 

0 .05 

8.0 

27 

OlCygnl 


2102 

.4 

+ 38 

16 

0.1 

0 .41 


8.0 

5 .10 

87.0 

28 

elndl 


2165 

.7 

-67 

12 

4.8 

0 .28 


11.0 

4 .08 

40.1 

20 

Poiualhaut .... 


22 52 

.1 

-.30 

09 

1.4 

0 .14 


23.3 

0 .36 

■SI 

80 

T.nQalllon352 . . . 


22 60 

.4 

-811 

20 

7.1 

0 .20 


11.1 

7 .00 

bei 



PolnrlH 


1 18 

.6 

+ 88 

43 


0 .074 


44.0 

0 .016 

Is 


ArcturuB, CaiiopHS, a OrloiilB, ft Orlonla, « Cygul, ft C'oHtiuii'l, mitl v^oHslopolm, ftll of thorn 
otnrB of tho llvat or bocoikI »n»giiltiulo, Imvo (ilso hoou oiirofully ohBorvctl nnd hiivo yioWod 
no piiraUftx oxooccllng 0",05. 

In tho tahlo tho colunui honilcd ‘Mvolght ” iuilloatos roughly tho probnblo rollohlllty of 
tho parallax given,— tho osttnmto ilcponding on tho ohnraolor, suimbor, oiul nocordanooof 
tho clUToront (lotormhmtloiiH for tho star In (luoBtlon. Tho avorngo probable error " for tho 
parallaxos of tho table may bo taken ns about 0”.(H, n« likely aenol that an 

avorngo parallax, weighted 2, may ho wrong by that nmownt. 

'With Bovoral of tho Btars tho data aro very dlBcordant and tiuHnllBfaotory, bo that It iR to 
ho oxpeotod that ultbnatoly some of tho results tabulated nbovo will prove uorlotisly incoN 
root; moat of them Indeed aro to bo regarded ns only approximations to. tho truth. 
























TABLE T — KABIAL VELOCITY OF STARS (Vogei,) 

(The velocities are ^ven in English miles per second. The sign, indicates recession.) 
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Velocity 

a 

t-iiCiOCOOCOOlMiOrH'.Ol-OOOOJOOnOl-b-i-Jt-^r-lt-tO! 

•e! 00 CO IN «D cs c> 05 <c5 o> ed <£> oj 0? M <ri cJ -ei >/5 irf © 

(Mr^rH rMrHl— i r- 1 r- i i— 1 »— I'^IrH IM 

IIIIIIIIIIIM-l++llllli+++ 

oo 

cd 

T 

1 

Class 

^ » 3 a ^^3 4 ^ 3 a H S 4 

«S 

H 

i 

A 

COOOO? r-l coco CO'^^COjj 

(M oi <M c^i (M <fi (M r-i oi (M rH (M a>1 (M (M 01 oi Ot r-l r-i S'! I-J oi Ol 

i-< 

ci 


•it • ■ii ■it ■ 'I '1 

jglljg jgSllH 1 «||| . 

§ 1 1 g g ^ ill I’ll || g Sti)l||| 

4RRi-^>3sSRi>PRWMt34omWOt^-^ 

f-tL eesoaf-w <u uiCQ. 8e<a.8d8^'t^(Bai<a 

f Herculis* (Belopolsky) 

Velocity 

a 

OO W l-r V> ©H00O1OSKi(r-(<Mt-(lOiHlO©C'1<Oil0iHl--.'etU0©lO 

(fi CO 05 oi <d <d 05 o <d c> id c5 id td o CD 05 d c> ©' CO «5 c> »<5 

^ rH COr-Hr-^ rHrHi-HrHrH 

+ + 1 1 + M 1 ! 1 + + + + + + + + + 1 1 1 1 1 -h 1 

Class 

4 ^ S 

4i343l3Mt34l3lll3(344444H4444iR4 

1 

t-HCcovjH 10 ^cocoeoco 

01 Ol p <M oi <M 01 IN 0 IN tH I-I 1 -H (N IN oi Ol IN g Ol 01 r-t oi f* rH i-i 

I 



M 'S )0 a 'S 

i 

R 

8 

|.SJ«I§| g'li§e 

1 f i 1 ^ i 1 1 11 tl 1 1 II 1 1'^ 1 'i 1 1 

OO O R 4 ^ iSJ H O O ^ o o o O <1 <5 o ^ O d 

8a3.8^«l,8^8«1.8 a 8«a. ^< 0 .<o 8 8«Q. 


The hri^ter component of the donble star. C^aniphell has since measured several velocities of about CO miles a second. ^Sec Sec. SiS-l 



TABLE Y — RADIAL YELOCITT OP STARS (Vogel) 

(The velocities axe given in English miles per second. The sign, +, indicates recession.) 
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OBBITS OF BINART STARS 
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TABLE VIII — MEAN IIEFIIACTION 


(CoiH'GspcjiulinK to tomi)evnturo of 00'’ P,, itiul l(t a ImvomcLrlo proSHum of HD.ci IuoIiah.) 


AHltnUo 

Uo fraction 

Altitude 

Uo fraction 

1 Altitude 

Kofriictlon 

0® 

n>y 50" 

11° 

i' ‘17" 7 


i'3n".rj 

1 

21 22 

12 

4 24 .5 

35 

1 22 .1 

2 

18 00 

13 

4 04 .4 

40 

1 08 .0 

8 

U 18 

Id 

3 47 .0 

45 

57 .(3 

'1 

11 37 

10 

3 18 .2 

60 

48 .8 

f> 

0 '15 

18 

2 55 ,5 

55 

■10 .3 

0 

8 23 

20 

2 37 .0 

00 

83 .2 

7 

7 10 

22 

2 21 .0 

05 

20 .« 

8 

(J 20 

24 

2 08 .0 

70 

20 .0 

0 

6 'iO 

2(3 

1 57 .0 

■■ 

10 .2 

10 

6 10 

28 

1 48 .0 


0 .0 


Eoi* ovory 5® P. "by which tho tomporaUivo Ik less tliaii 00®!*’,, add one per 
cent to tho Liihiilai' rofmctlon, and doevoaKf! it in tho Haino ratio for toniiKiraUiroH 
above 0.0® P. 

Incroaso tho tabular rofraction by throe and a hal/ per cent for ovory lit oh of 
bni'oinolvlc proBSuro above 20.(3 inclios, and docronae it in tho fifiino ratio below 
that' point, Thoso corrections for tomporaturo and prosaiira, Ihougli only 
appro xinm to, will give a rcault oorroot within 2", except in oxtroino casoH. 


COJISTOCIC’S If’OKMULvt KOll RlCKIlAaTION 


088 1) 
'100 + t 


tan^. 


b Is tho baroiuotor reading in ino/ics; f, the tomporaturo in dogrooK ‘Fahren- 
hctl ,* L tho apparent zonith-dlstanco, Tho error of tlio formula is loss than I" 
for zonith-dlstances under 75®, except in oxtroino conditions of lomporaturo and 
l>roaauro. 
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AU references are to Sections, noi io Pages, unless expressly so stated. 


In tlio poi'soim) slntl sties tlio years of birth ami death nvo both rIvou whon known 
to tbo writor. A siiiglo date foilow’ed by a dash indieatos that the poison was horn 

in that year, but is known or boliovnd to bo living; (? ) ludieatea that ho is 

still living, but that tho year of birth lias not boon nscovtniiiud. A singlo date not 
followed by a dash hulleatos that tho person was living nnd active at that time, but 
is no longer living, thongh dates of birth and dcatli havo not boon aseortalnod. 


A 

Aberration, constant of, 172; Paris con- 
foroncoj valuo, page B82. 

Aberration of light, doilnod and illns- 
tvatod, 171; dotermiimtlon of tbo 
velocity of tlio oartb and its distance 
from tho sun, 178, 

Absolute tomporaturo and zoro, 272, note ; 
method of dotormining Htollnr paral* 
lax, BID; soalo of star magnitndcs, 
BBT. 

Absorption, of llglit and boat by solar at- 
inosphovo, 2(H) j atmosphoi’ic, of solar 
heat, 208. 

Accoloratlon, by gravitation, MO; equa- 
torial of tlic sun’s siu'fdoo, 230; seoti- 
lnv,of tlio moon, 321) ; of Eiioko’s coinot, 
400. 

Acotylonoi porbaps pro8ontlnooinots,'lD8. 

Achromatio toloscopo, 44. 

Adnlborta, an nstorold, 420. 

Adams. J. C. (1810-1)2), English inatbc- 
matlcal astr., 167, B26. 

Adjuatmontsot tho transit Instinunoiit, 08. 

Aiirollto, BOO Motoovlto. 

AUthra, an nstorold, 421. 

Ago and duration of solar system, G18. 

Alooao, doAuod, 210, 884; Of Moon, 210; 
Moroury, .3!)B ; Vonus, 400 liMars, 411 ; 
Cores and Vesta, 422 ; Jiipitor, 432 ; 
Saturn, 440; Uranus, 4BB; Noptuuo, 
46D.' 

AnnuicoH'i', T. (? ), Gorman gootl- 

osist, fl4. 

Alcyone (»? Taurl), Maodlor’s. central sun, 

Aldobaran (a Tauyl), a typloal flrst-inng- 
nltudo 8tar,;B67> : 


Algol (/9 Porsoi), its variability, olc., BHO, 
B82, 

Algol stars, limiting density of, BDJ, 

AniiKN, R. I-I. (? ), B32. 

Almucaiitars, dollncd, 14; tlm Instru- 
mont, 07, D2. * 

Alpha ContaiU'l, pnrallax of, B4B, 848; 
liglit comparod with the sun’s, BOl; 
double-star orliit of, BDO; Table VII, 
page BDO. 

Alpha Orioiils, or Botolgouze, Us irregu- 
lar variaiiility, B74, 

Alpbabot, Greek, page B81, 

Alphonso X, King of Loon and (’aslllo 
(1221-84), 3(11). 

Altai!’ (ft Aqnllro), it typical nrst-nuigaU 
tiido star, BB7; its light compared 
witli tliat of tho suii, B03, 

Altazhnutli instnunout, 70. 

Altitude, dofliiod, 15, 2D; of sun, iati- 
tudo by, DO, 112; time by, 108. 

Altitudes, of uli'cumpolar stars, latitude 
by, 88; inoridlaii, of stars, for Intl- 
tiulo, 8D; cironmmoridlnu, latlUulo 
b^^ Dlj equal, mothod of, for time, 

Andhi?, C. (? ), Frond 1 astr,, 428, 

GOD. 

Andromaclio, an nstorold, 421, 

Andromeda, Neva in, B7B; uobnia of, 
BOO, 000, 002. 

Andvomedos, boo Blollds. 

Anglo, position, B8B. 

Aiiinml equation of tho moon, llio, 828 (0). 

Annual motion of sun, the anparoiit, 

m 

Annular oolipsos, 200; nokulro, 600, 
COO.’ - ■ 

Anomnlistio yoar, the, 182. 
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Anomalous refraction, sliift of spootrum 
linos by, 250, 

Anomaly, orbital, doflned, 100, 1(53. 

Apox of tlio sun’s way, 6d.‘5. 

Aphelion dofuicd, 100. 

Aplanntio obJcct-Klnss, 46, 

Apoi;oo doilnod, 105. 

Apsides, lino of, dellnod, 100; rovolullon 
of oar til’s, led: of moon’s, 105, 327 (2). 

Auohimedbs (287 n.c.), Clrook phlloso- 
phor; lutmi* crater, 210. 

Aiolurus (allootls), discovery of Us prop- 
er motion, 637 ; its magnitude, 658 ; 
heal, from, 663. 

Arons, c<inal, law of, In earth’s orbital 
motion, 162; In moon’s, 1!)5; demon- 
strated, .‘103, 304; in plane lary orbits, 
307. 

Aroquipa Observatory, Us Bruce tele- 
scope, 636; discovery, on its plioto- 
graplis, of variable stars, 68.3; of 
varlablo-atav clnstors, 584; of spec- 
troscopic binaries, 51)3. 

Anami/ANDEtt, F. (1709-1876), (dorman 
astl'.. 631,6152, note, 633, 53(5, 665, 657. 

Ariel, iimormost satellite of Uranus, 
466. 

Aries, first of, 22, 2.‘5, 167. 

AnisTAnciius (270 M.C.), Greek asir., 
404; Umar crater, 221. 

AniSTOTras (384 n.o.), Greek phlloaophor, 
481 : lunar orator, 221, 

Artlfloial horizon, 74. 

Ascension Island, 4(57. 

Ascension, right, doilned, 24, 26, 29. 

Asteroids, the, 348, 418-428; do.siKnation, 
418 5 discovery of fir.st five, 418 ; meth- 
ods of search, 419; orbits, 420, 421; 
dimensions, 422; mass and density, 
423; nnmbor, 424; oidgin, 426, 

Astrron, discovery of, 418. 

Astrology, a i)soudo-soionoo, 5, 

Astronomical lutltndo doiniod, 32, 87, 


138 (1), 

Astronomhehe GeselUcliaJ'it tlio, its alar- 
oat aloguos, 533. 

Astronomy, branches of, 3 ; rank among 
sciences, 4; utility, 6; place In edu- 
cation, 6> 

Atlases, star, Argolaador's, Hols’, 
Klein's, Upton’s, 532, note, 

Attraction, of gravitation, Its law, 143; 
of spheres, 144; ncceloraOon by, 146; 
total between sun and earth, 226. 

Augmontallon of moon’s sonildiaraolor, 


Aurora borealis, periodicity following 
that of tlie sun-spots, 243, 

Axes, somi-malor, of planetary orbits 
nnchaagoablo by socnlar perturba- 
tions, 376, 

Ashniitli, doilnod, 16, 29; dolormliintlon 
of, 116. 


B 

Baminr'J', iT. (1794-1872), French astr., 
606. 

Baiuky, S. I. (1864 ), American astr, 

at Arctiulpn, 681, 693. 

liAT.r,, Sill ItonnuT (18-10 ), English 

astr., 316. 

BARNAun, 14. E. (1867 ), American 

astr., 422, -149, 469, 501, 60.5. 

Ilaromotor, oiTcct of its rise or fall upon 
the rate of a clock, 65; upon tlio 
tides, 313. 

Bayjoh, J. (1672-1626), Gorman nslr., 

632, 67-1 (1). 

BMr,oi»iU.8KY, A, ( ? ), Russian astro- 

physicist, 403, 460, 642, 692. 

Bolts, of Jupiter, 433; of Saturn, 44(5; 
of Uranus, 466. 

Biboa, W. (1782-1866), Austrian ofllcor; 
his comet, 484, 494, 602, 624, 626. 

Bielid meteors, the, 621, 622, 624, 626, 627. 

Binaries, spootroscople, 691-593. 

Binary stars, 68(5-695; number of, 68(5; 
discovery of, 68(5; orbits of, 68(5-690; 
mass of, 691; also nolo to Exorcises, 
page 673. 

Biossjor,,!’, W. (1784-1848), Gorman astr., 

633. 848, 651, 689. 

Bela Auriga), spectroscopio binary, 6fl;i. 

Beta Librio, Us probable diminution of 
brightness, 674 (1), 

Beta iiyrto, its spectroscopio hohavior, 
681, 692; variables of this typo, 681. 

Bethlehem, Star of, 676. 

BoPis, J. E. (1747-1820), Gorman nstr., 
3-19, 418. 

Bond, G. P. (182(5-66), second director 
of Ilnrvavd Observatory, 449. 

Bond. W. 0. (1789-1869), Jlr.K. director 
of jrarvard Observatory, 222, 4 17, -152, 
604. 

BomiKr.r.Y, A. (? ), Freneh nslr., 

498. 

BouauKit, P. (1698-1768), French astr., 

210 . 

Boylb, li. (1627-91), English pliyslclst, 
277. 

Boys, C, V. (? ), Englisli physicist, 

145, 163, 603. 

BhadiiBY, j. (1692-1742), English, thlid 
Astronomer Royal, 171, 440. 

Brahb, see Tycho. 

BUBDU^niN, 'lit. ( ? ), Russian nstr., 

601. 

BrigliMlno spcetr.i, tlioir origin, 247. 

Briglitiioss, relative, of stars of di (To rent 
magnliudo, 568; stellar, causes of dif- 
ference in, 666. 

Buoors, W. (1844 ), American nslr., 

' 479, 602. 

Bhuom, Miss 0. (died 1900), Amorloan 
patron of solonco, 419, 63(5i 
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Uriico pliotngmpliic toloRdOpo, of Hoidol- 
boi'jjf, (i0{); of Aroiinijm, Odd, RTl ; 
spoctTograplt of York(^H OliHorvatovy, 
pctt/e fiOfi. 

BudNNow, F. (182I-i)l), Aiuoriciui imd 
Gormnii iisU*,, MO. 

ItujfSKN, ]{, (l811-!)il), (tormun tdiomist, 
24S, 2‘lfi, 'Al«, -HIH. 

IJiu'lUng loiiK, the, 27;h 


C 


C^iSAK, AUOUHTUS (00 U.<!.-A,T). l‘V), 184, 
(JyKSAR, Julius (lOO im.-ll n.u,), 181. 
Caleliim, pi’e,scmt in suii-spois luid famulus 
268 j ill idir()i)i(i.sj)lH)ro and proiiii- 
nonces, 2C7 ; Its H anil K lines in spee- 
trnm of lomporary stars. 67(1. 
Calcnlution, of a lunar ocliiiBO, 288, 704; 

of a solar, 2!)(), 

Caloiular, the, 18.V180. 

Caloretto, the, or small ealoiy, 207. 
CiUory, the, doflned, 2()7, 

CALLANimRAu, 0. (? ), Ifroneh 

nstr., 480, 487. 

Cftinorti, prismatie, 262, 208, 

Casiwuoll, W, W. (1802 ), thlnl 

(liroclor of IJelc Ohsorvatory, 80, 82, 
400, 460, 642. 670, 602, 700, 702, 
‘'Cmmls” of Mars, 412, 418. 

Canon of Jicliims, The, Opiiolzor's, 2tMi, 
Cnpolla (a Aiu-Ikio), its nniKnltudo, 008; 

a spoctrOiSeopie hlnary, 6i)2. 

Cjmfcuro of Leonids hy Uriinns, 627. 
''Ca^ituro theory” of porlodiii (tonuils, 

Carbon and diamonds in niotoorltes, 
601), 


Cakuinqton, It, (182fi-76), Kiigllsii 
anmtonr, 22!), 2ii0, 

CASSIMJH.A1N (1070), Froneh nntielan, 41). 

Cassini, CL Dominio (1026-1712), Jirst 
dlroetor of Parla Ohsorvatory, 408, 
447, 462, 404. 

Cassini, jAuciviKS (1077-176(0, son of 
(4. D., Hoetmd director of Paris Ohsor v- 
. ntory, 44i). 

Cnssloiioifo, ^ova, 676. 

Castor, prnhalilo deoroiiso of hrlghtnoss, 
674 (1) ; a HpoctrOBcopio binary, 61)2. 

Catalogues, of stars, 688, 6:1*1; of star- 
spoctra, 672; of varlnblo stars, 688; 
Table VI, nam 681). 

Cavuniiish, II., Lord (1781-1810), I3ng- 
HflU physicist, 148. 

Colestial sphoro, InAnito, 7. 

Contftpi'l, w, olustov of, 684, 61)8. 

Contra! motion, laws of, 808-800. 

Contml snn, the, 644, OOi), 

Conti'lfucal force duo to earth’s rotation, 
121), 180. 

Ooroa, discovery of, 418 ; dlamotor, mass, 
oto., 422, 42;3, 


Ohandi.ru, S. (1. (184(1 ), Ainorioan 

astr,, 02, 0-1, 688, 

OiiAULKH (atioiit 1810), French physiclKl, 
277. 

(hiAULOis, M. (? ), French astr,, 411). 

Olnu'ts, star, 6:10. 

IbiAuviWKT, W. (1810-70), Amorierm 
mathematician, 82, 02. 

Oldeago, tide at, 844. 

Ohromospliero, tlio, 267-250, 270; and 
promiiioncn,s, liow observed at any 
lime by spectroscope, 268, 260. 

Clii'onograph, the, .60; Hough’s printing, 
60. 

Chvonomotor, tlio, 67 ; longitude hy, 107, 
112, 114, 

Circle of position (Snmnor's motiiod). 


Claiiiaut, 

18(1. 


(171:)-00), irvoiicii astr., 


Clark, Alvan (1808-87), Ainorioan opll- 
ehin, 61, 

Clark, a. G. (1882-00), son of Alvan, 
61, 680. 

Clark, C. H, (1827-01), son of Alvan, 61. 

Clarkr, Col, A, R. (1828-- — ), JCnglisli 
geodesist, i:M; Anpoiidix, pfu/c 681. 

C)ns.sification of vftvfablo stars, 078, 

Clavius, C. (1687-1(112), Italian astr,, 
186; lunar crater, 221. 

Cluutcr, JIiss A, M, (18*12 ■), 263, 

*428, 640, 081. 

Cliork-Maxwrll, J. (1881-70), I'biglish 
lihysicist, '140, 602. 

Gloelt, astvoiioinleal, 66; error and rate 
dollnod, 61). 

Oloek, driving, for toloseopo, 68. 

CliKStors, variables in, 684; of stars, 60S. 

Omlostat, the, 64. 

Collimating oyopioco, fiO, 

Collinmtlon, lino of, and its adjustment, 
(18. 


Collimator of spectrosiiopo, 244, 

Collision of comet, wllli earth, the proba- 
ble olfuet, 606 ; tvltli snn, 60(1. . 

Collisions, astronomical, causing light 
and boat, 67(1, 677, 681, (108, (116. 

Color of simliglit modi fled by absorption 
in solar almospiiovo, 2(1(1, 

Colors of stars, 6(10; of double stars, 686. 

Cohiros doOnod, 28, 

Coma Roroiiols, tlio polo of the Galaxy, 
006, 

Comet, groat, of 1882 (Donatl's), 47(1, 478, 
*180, 487, 41)8, 401), 601, 60.1. 

Comotary and motoorlo orbits, relation 
between them. 620. 

Comot-fainilloB, 486, *180. 

Comot-gronps, <187. 

Cornels, 470-60(1 ; their munbor, 477 ; 
designations. 478 ; disoovory, 470 1 
duration aiui brighltioBS, 480: orbits, 
481, 482; olomonts of orbit, 488; 
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elliptic comets, 484-; short-period 
comets and eomoWainilies, 486 ; cap- 
ture ot comets, 48Gj disintegration 
of, 486, 502, 62‘4 ; comet-groups, 487 j 
orbital statistics, 488 ; origin of com- 
ets, 489; acceleration of Encko’s, 
490; physical character, 491; constit- 
uent parts, 492; dimensions, 498; 
mass, 494; density, 495; probable 
nature, 490; light and spectrum, 497, 
498; pUenomoiia oxlilbited u'hon near 
tho sun, 499; formation of tail, 600, 
601; repulsive force of sun, 602; anom- 
alous phenomena, 603; photography 
of comets, 604; danger from, 605, 
606. 

Common, A. A. (? }, English ongi- 

noor, 61. 

Common motions of stars, 638. 

Companion, dark, of Algol, 682; faint, of 
Sirius and of rrocyoii, 689. 

Comparison of spectra, method of, 249. 

Compensation poudHliims, 66. 

Comstock, G, C. (1856 ), American 

nstr., 82, 487, mga 691. 

Conics, tho, 314, 3 j6. 

Conjunction, defined, li)0, 362. 

Constancy, of solar heat, 274 : secular, of 
tlio major axes and periods of planet- 
ary orbits, 164, 370. 

Constant, of aberration, 172, pago 682; 
of gravitation, 146; of precession, 
106, pago 682; solar, 267; of light- 
equation, 441; of nutation, pag6 
682, 

Constellations, tlio, 631 ; distortion of, by 
proper motion, 640, 

Constitution, of the onvtii’s interior, 164; 
of tho sun, 277-280; of comets, 496, 
498. 

Contaefs of transit of Vonns obsorvod 
for solar parallax, 469-471. 

Continuous spectrum, given under what 
conditions, 247 ; of Holmes' comot, 
498 [ of Nova Anrigra, 670 ; of cortnin 
nohulm, 602, 

Contraction of sun, explaining maiiito- 
nanco of its radiation, 276. 

Coordinates, celestial, tabular exhibit of 
tlio different systems in use, 29 ; trans- 
formation of, 701, 702, 

CopKttNicus, N. (1473-1643), Polish astr., 
124, 360; lunar orator, 215, 219, 

Cordova stav-cataloguo and zones, 633, 

Corona, solar, tlio, 262-264, 280, 

Coronro Borealis, A^ooa, 576, 

CoHTiR, A. (7 ), English astr., 

237. 

Cosmogony, 611, . 

Cotidal linos, 339, 840. 

Counter glow, or Gogonschein, tho, 430. 

Criterion for distinguishing stars opti- 
cally doublo, 686. 


Gross or “tlnvartwlso ” motion of a star, 
640, 

Curvature, of earth's surface, inoasurcd, 
123 ; of eartli's orbit, 226. 

Cygni, Novat 676. 

D 

.Dalton, J, (1766-1844), English physi- 
cist, 277. 

Danger from comets, 606-506, 

Dark lines In spectra, duo to absorption, 
247, 

Dark stars, 682, 689, 697 . 

Dauwin, G. II. (1846 ), Englisli 

mathomaticinn, 346, 614. 

Date-lino, the, 111. 

Dawks, W. R. (1799-1868), English nmn- 
tour, 46, 234, 447. 

Day, sidoroal and solar, 26, 96, 97 ; civil 
and astronomical, 100; tho boginning 
of, 111 ; invariability of, 328. 

Declination, pavullols of, 20; doflnecl,2I, 
29, 

Degrees, of astronomical latitude, tholr 
varying longlli, 133; of latitude and 
longitude, fonmilro for tholr length, 
pages 681, 682, 

Delmos, a satolHto of Mars, 416. 

Db la Ruk, W, (1816-89), English ania- 
tour, 222, 233. 

Dblislr, ,T. (1688-1768), French nstr,, 
471. 

Dbnninq, W. F, (? ), English ama- 

tonr, 623. 

Density, of oartli, 161-163 ; of moon, 201 ; 
of sun, 228; of plaiiots, how dotor- 
inlned, 382; Meroury, 3S)2j Venus, 
398; Mars, <108; Jupiter, 432 j Saturn, 
446; of Uranus, 466; NopLuno, 469; 
of Algol system, 682; liiniUiig, of 
Algol-typo variables, eO-l.- 

Dosigimtioii, of asteroids, <118 ; of comets, 
<178; of stars, 632; of variable stars, 
683. 

Dmslandrks, H, (? ), French spoc- 

Ai’osooplst, 261, 460, 

Db Vico, F. (1806-48), Italian astr., 40, H, 
page 686. 

Dlinrmsala, motoovlto of, oxtromoly cold, 
612. 

Diameter, angular and real, relation 
between, 10; of moon, 19)1; of sun, 
224 ; of planota, — Moremry, 892 ; Vonns, 
398; Mars, 408; asteroids, 422; Jupi- 
tov, 4.32; Saturn, 446; Uranus, 466; 
Noptuiio, 469, also Table I, Appendix, 
page 683; of comets, 493; diameters 
of stars, 666; of Algol, 682. 

Diameter of a planet, how dotorminod, 
37i). 

DllTeroncos of stellar brightness, oausos 

I for, 666, 
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Dlffoi’ontla'l motlind for clotormining 
pliico of a colostial olijcot, HO, 117 ; 
for stollar parallax, B50, fiOl, 
DiffracUon, Its offoufc upon toloHcoplo 
defluitioii, '111, 

Diffraction grating, tho, 2'14, 

Dlmonslons,' of llio oartli, 103, 131, paf/n 
1581; of coniolH, liKI; of Biars, f3(i(i, 
C82; of binary star orbits, BOO. 

Dlono, fourth satollito of Saturn, 152. 

Dip of tho liorlzon, 13, 77. 

Dli'oclion, of earth’s orbital motion at any 
momont, 51(1 ; of sun's motion in space, 
513. 


Dlaappoaranco, periodical, of Saturn’s 
ring, 148. 

Dlsisitogratlon of comets, 502 ; of inoteorio 
swarms. 628. 

Disk, spurious, of stars In toloscopo, 10; 
sun's relative brightness of different 
parts, 233, 200. 

Dlsplaeoinont of lines in spectrinn, of 
sun, 251-250; of slurs, 51J, 512; in 
spectrum of tomporiiry star, 570, 577 ; 
of HpectroHGoplo binaries, 502. 

Dissipation of energy, 618, Oil), 

Dlslaiico, apparent and real dlamoters of 
an object, rolatton bolwoon tlioni, 16; 
distance and naralhix, lliolr relation, 
78 ; otiuation for, 515. 

Distance of a planet from sun, goomelrl- 
oal tnothod of doteriuinalioii, 37 (. 

Distance of sun from ear Lb, ilotovinliied 
hy velocity of light conihiiiod with 
constant of aherration, 173; hy c<ni- 
staiit of Itghl-oquatloii, 112; other 
methods, Ohiiptor XV, 1(111-475. 

Distortion of disks of sun and moon near 
horixon, 83. 

Dislrlbullon, of sun-spots on solar disk, 
230; of nehuhw lit ItoaveiiB, 601; of 
slars, (W6-(i()8. 

Disturbing force, tho, 323. 

Dlm’iml circles, or parallels of declina- 
tion, 18, 20. 

Dluriiul rotation of tho hoivvons, 18. 

DoiourKn, G. H. (1613-88), Gorman astr,, 
181 ; a lunar e rater, 210. 

Donati, (K II. (1827*-73), Italian astr. ; 
his eoiuot of 1858, 17(1, 478. 180, 1113, 
101), 501, 561,. 

DoPivr.iCit, G. (1803-53), German physicist, 
251. 

Dopplor-Fizoau prlnelnle, shift of spec- 
Iriun lines by radial luol lon, 251, 255 ; 
applietl to rotation of VemiH, 103; to 
Saturn's rings, 150; to star motions, 
541, 542, 543, 576, 582, 588, note, 501, 
502, 503. 

Double stars, 585, 505 ; colors of, 585 ; dis’ 
tauco 1111(1 posllioii angle, 585 ; opt hail 
(vnd physical, 580. Soo also Slats, 
Illnary. 


Doubling of lines, in spcelrum of tempo- 
rary stars, 576, 577 ; In HpiKaroseople 
1)iuarlo.s, 503. 

DowNiNd, A. M. (1850 ), Unglish 

astr., 525. 

Draconitlc or nodical month, 102, »«(;r 
582. 


DidliPKu, II. (1837-82), Ainerieaa astro- 
pljyslclst, 501, 670, 572, (i(H). 

DuAiMtiv, Jins. II. (7 ), 572. 

Dnipcr CcU(ilo[/m of spectra, 572. 

Drawings, of tho (uiroiia unsatisfactory, 
262 ; of iiehulie, 600. 

DuNfiu, N. G. (7 ), Hwedlsh spoctro- 

SCOplst, 230, 581, 502. 

Duration, of a lunar (sdipso, 285 ; of solar 
eclipses, 202; of transit of Venus, 105; 
future of tho sun, (118. 

Durohni'iislei'iniff, Argolaiuler’s northevu, 
530, 533, 53(1; Hchooufeld’s southern, 
533; Gape of Good Hope photographic, 
533. 


Dyne and niegadyne, Hcioiitlllc units of 
force (stress), 1.42, 


E 

Plarth, the, — leading nstronoinlenl facts, 
III); glehularlty of, 120; its approxi- 
mato diameter, 121-123; jls rotation 
demonstrated, 121-127 ; iiivavlahlllty 
of rotation, 128, 3*15, 31)6; eeiitrifugnl 
force due io rolatioii, 12i)-131 ; offoet 
oil form of earth, 130, 134 ; form of, 
132; gcndctle method of detennlnlug 
its tllmensloiiH, 133-135; foriii ahnie 
by pojidulum ohsorvatlous and purely 
astronomleal metliods, .136; station 
errors, 137 ; latitudes, as|:i'onomlcal, 
geograpliieal and geoeentric, 138; sur- 
face and volume, 131) ; mass a'inl don- 
sKy, doLormlimtloii of, 110-152; luass 
and force, 140-M2; gravitation, 113, 
144, 145, 116 ; mass and force (Ustlii- 
gills] led, 11 1 ; scion tide unll.s of. force, 
112; the Gavomllsh oxporlmout, 118- 
153 ; euiistltiitloii of liiterlo. 1 ', - 151 ; 
aeeeptod dimensions, Appoiidlx, pam 
581. 

ICartli’s orbital motion and ('.(inaofnioiicos, 
the,— aiipareiit annual motion of sun, 
155; tlie ecliptic, oie„ 15(1; (bo zodiac, 
157; form of orbit, 168, 151); tho el- 
lipse, 1(16; oeceiitrlelly of orbit dlseov- 
ored, Kit; law of orbital motion, 162, 
163; elmngos in orbit, 164 ; iirecessloii, 
165-160; nutation, 170; .aberration, 
171-173; orbital voloelty dctormliiod, 
173; thoemiatlon of time, ]7'l-177j tlie 
seasons, 178-181 ; the throe kinds of 
year, 182 ; the Oalendar, 183-186 ; tho 
Metoiiio eyelu and golden munbor, 
187 ; tho Julian porlod and opooh, 188. 
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ISnrth’H slintlow, dimpiisioiiH of, 283, 
2815,703,701. 

Karfh'n surfaco, area of, 13!) : parabolic 
velocity at, 31!), 

KaiHi-.shlno on Hits moon, 20(i. 
Ki'contrlclly, of an orbit, deltiu'd, 1(10, 
Slf), lion, expression for, in terms of 
body’s aetnal velocity and tlio para- 
bolic volocily, 320, note. 

Kcceiitrioity and incllnallons of orbits 
o.scllluto under perturbation, 101 370, 
IScllpse variables of AroI type, D80, 
itlelipso year, the, 2))7, 

ICoHpses, lunar, 282-288, 703-701; solar, 
281)-2i)(); Opisolztir’s canon of, 2!)(5; 
parly number of, 2i)7 ; rolallvo num- 
ber of lunar and solai', 21)8 ; reeurroiice 
of, the Saros, 21HI; of Jupiter’s satel- 
lites, JIlO-Ml; of IiipotuH, Raturn's 
salellllo, ‘bit), 

ISdlplio, tbo, doilnod, 23, imi; polos of 
collpHc, 27, Ititi; oblitpilty of, lf5(l; 
obange of obliquity, liH, Appendix, 
jHtdc B82; olToet of obliquity in pro- 
duolng equation of time, 17(1, 

Kcllplic llmflH, hiiiar, 28(1; stdar, 203. 
Pdiioatloiml value of astronomy, (l, 
lilTocts of motcoi's upon tcrrostrlal con- 
ditions, 520. 

Kloctrlc lamp, energy per camllo-powor, 
510, 

Eloinonts, oboinicnl, detected in sun, 250 ; 
incomots, ‘108; In motooritos, 500; in 
shooliiig-Hlnrs, 518; In stars, 607; in 
nobiilro, H02. 

Klonoiils of an orbit, of a planet, 802 1 of 
acomol,'lH:i; of Ibcplnnots, Table I, 
Appendix, petf/o 583; of eomots of 
short period. Table III, Appmidlx. 
Mtifito 580. 

ElUnso, dolinttioiiH relating to llio, 1(10, 
tU‘1, 315; tbo iiiHlantaneoUH, 32'1. 
I'illlptlo comolH, ‘182-18(1, 

KUlpllolty, see Oblatoioss. 

Knus, W. (?-- — ), lOngiish a.str., ai8. 
Elongation, doil)iod, 100, 352. 

Enokb, J. P, (1701-1805), German iistr., 
‘10‘1| his comet, <181, ‘lOO, 408, 

End of the prosont system, (il8, 010. 
Energy of solar radiation, 270, 271 ; con- 
snmod by olootrlc lamp, 510. 

Engluo, Ericsson’s solar, 270, 

Enlargomonl, apparent, of sun and moon 
near horizon, 0, 

Enyolowes in bead of comets, -102, ‘100. 
Epioyololdal motion of planets rolattvo 
to earth, .SB-l. 

^^102 ‘^olormtnatlon of time, 

pltolomolry, 

OvH/ I 


Equation, personal, 04 j of time, ilO, 174- 
177; (tlaivaiit’s, 13((; of Iho equinox, 
Kit); .showing (he relation bolween 
tlie spooie.sot an orbit, and the acdinl 
and parttbolle volocitlos, 320 ; nniunil, 
of tlio moon, 328 (0) ; for dotormbiing 
the mass of a planet by moans of its 
satellilo, 380; of Hgljt, 440; for the 
mass of a binary fiy.stom, 55)4. 

Equations eonnoctiug difforonoe of stellar 
inngiilludo wilh ratios of brlglunc.ss, 
558, 

Equator, celestial, or equliiocdal, defined, 

Equatorial parallax, 80; acoeloratlon of 
solar surlaoo, 230. 

Equatorial telescope, mounting of, 52; 
cOHrfJ (elbowed), 51; use \ii dolm-i 
mining place of celestial obioot, 117. 

EquniocHal circle, tbo, or oclostial equa- 
Inr, 20, 

‘^bllnod, 23; prooossloii of, 
I(i5-l(i8 ; eqnulioii of, Kill. 

Euatostukkjds (27(1-1!)(} me,), Alexan- 
drian nslr,, 122; lunar crater, 221. 

EaicHSoN, J. (180;)-8i)), Rwedisb-Amor- 
Ican inventor, 270, 272. 

EiiMAN, P, (17(1 1-51), Gorman pljy.sioisl, 
525, 

Eros (asteroid), periodic changos of 
brlgltlness, 383,428; rolalion period, 
38.5, ‘128; discovery, 420; orbit, <127; 
ob.sorvo<i for solar parallax, 427, ‘lOH; 
dlamotor and rotation, 428; po.sslblo 
duplicity, 428, 

Error, or correction, of clock dofliicd, 5(1 ; 
of ponipuled orbit of Nopluno, 458, 

Eruption Hmory of temporary stars, 581. 

Itruptions, solar, 280. 

Eruptive or jnetallle prominences, 200. 

Eslablishmont, iho, of a pin-l, 331, ‘ 

Eta Argils (or Garin ro), its Irregular vari- 
abillty, 574 (2). 

Evcellnn, lunar, Ibo, 328 {‘1), 

Evolution, tidal, 31(1, Obi ; of binary star 
systems, 55)5. 

Exoretsos, Gliaplor I, paf/es 30-31 ; Obap- 
tor II, pfloeOB; Giiaplev III,p«j7o70i 
Clmptor iy,prt//ea lh3, 101; Chapter 
y, par/ns 13‘|, 135; Chapter Vl,pnf/os 
1(1*1,1(15; Clmptor TX, prtf/oa 255), 2«0; 
Gbaplor XI, nam 21)3, 21) I ; Chapter 
MI, paacs ,‘H4, 315: Cliaplor XV, puf/o 
‘108; Ohanlor XVI, paf/os 453, .|54; 
Chlintor XVIir, pages DOl, 505; Chap- 
ter XIX, pages BJIB. 53(1 ; Chapter XX, 

^ pages 572, 573, 

Exthiol^lon, method of, in pliolomolry, 

Eye and oar, motliod o£ ohsorvatlon, 
58. 

Eyoploco, oolllinating, 05); ov ooular, 
various forms, 47. 
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Fahhujihs, n. Gai’miui aslr., 

f)7K. 

FhohIib, solur, SiJi;!, ‘2M7, iifiH, 

Fall of inotoorH, r»07, ,'317, B2.1. 

I''Hinlli«8, coinot:, 'tSfi, <18(1, 

Fayis, II, (1811 ), Fnnidli astr,, 

2412, 

Fwkau, ir. I,. (18U).!Ui), Franoh pliy.si- 
c.lal; llmDopplur-Fizumi pi'ineinlo, 

25J3, 2B({, 408 450, 541-514, 501-508. 

Fr,A»mAHi()N, C,(l«12 ), French hhIc., 

418, 417, 510. 

Fpamntkkd, ,T. (I({4(i-17l0), Ih'.st .\stvoii- 
omor lioynl, 582; hniar (iViUoi', 221. 
FlnHh sptH’tJ'inn, tlu), al; ciliim, 252, 

Flkmini}, ]Mi{.s.( ? ), Harvard Olwar- 

valory, 57(1, 588. 

Fowio, Btdoutiliiuinil.Hof, 142; diHliirhiiifr, 
tho, 828; tid(!-ndHini,s thn, 882-885, 
Form, sphoroldiil, of cavlli, ilH do Lormi na- 
tion. 182-18(1. 

Forinnla, for dip of Hjo liorizon, 77; for 
goouontrh! parallax, 70; for rofrim- 
llon, 82, puge 501; for latiludo hv 
/.onitli tidoKcopo, 02; for lima fnali 
Nliiglo alliludo of HHii, 108 ; for wrioi- 
(.rkdly of an orbit, In tarm.s of tlio 
aotniU and parnbolb! vobadLii'.s, 820, 
nolo; for Homi-niajor a.xiH of orbit, in 
towns of 1/ and V, 820; for vdorlty at 
any i>oint in iia <n'lilt, Kx. 12, pm/o 201 ; 
for crosH or “ tbwarLwlHo’' motion of 
Slav, 640; for dlslanrn of a slar in 
iiorniH of its parallax, 515; in ligln- 
■ years, 547 ; for mass of a binary sys- 
^ tom. 50:1. 

Fnrimilm for an'ul, llimar, and angular 
voloaltloB In rontral motion, 805. 
Fm/jtAni/i\ L. (1H11)-(J8), Freimli jdiysl- 
elat, 125-127. 

Fraetlonal and nogatlvo star magnl- 
tlu1o.s, 558, 

Fiiaunuofuu, ,T, (1787-1820), (lornmn 
optlelun, 2*1(1, 217, 507. 

^^^**** Amorlaaii astr,, 

255, 642. 

Fnmlamoiifcal BtaMiataloguos, 588. 

, G 

Galaxy, the, 005. 

Gale’s ifomot of 1804, 5(H, 

GAi.ir,K(), G. (1504-10*12), Italian asir., 
55,210,800,488,447. 

GAimic, .7. G. (1812 ), (lanmm astr,, 

<157. 

OnBootiB nobnlm, tlioir Kponlriim, 002; 

their groeidsli Inm, 002, 

Gashicndi, F. (1502-1055), Framdi astr. ; 

Innar orator, 215, 210. 

Gauhh, q. F. (1777-1855), German matlm- 
inatifliun, iJOB, 418. 


<1 age nsd loin, or ‘'(Kmidor’' glow, tko, 

G(dasl(n' (nix', 2*15, 218. 

Gaocmitrio, ]mra!lax, 78-80; lalltuda, 
188 (8) ; placii of a ])laiiat, 808. 
((aodati(! method of dtilermitdng eartli’K 
dimmislons and form, 188-185. 

( jeograpideal latitiahi, i;i8 (2), 
(lOomiOi'leal iiietbod for iletarndniiig a 
planat'8 dlstanea frnni earth and hiiii, 
871 ; for the solar parallax, *105-172. 
(oKjrglnm .Sblim, irersehers mime for 
Gramm, 458, 

Giij., Sir David (1818 ), direelor of 

Gape of Good Iloius Olmervalovy, *107, 
‘108,501, 

Globe, eelestlal, deHeviptlon and reetill- 
<8ition, 87 , 88. 

( jnomon, the, 08, 105 (8), note, 

Gooi^imy, T. (7 17*10), Ainerlean ojill- 

eian, 75. 

Golden immlier, the, 187. 

Goi'iiAiii), 14. (?. ), Hniigarian aHtr., 

A. (1824-00), Amerienn astr.. 

Git AHA nr, (I. (1005-1751), lOngllHli imteli- 
anleiuM, 54, 55. 

Grating, dlfl'rimtion, the, 24*1, 

Gravihilion, law of, 148; formtilm for, 
1*14, l*l(t; conHlanl of, 145) theory of, 
Is owl on’s iirelimiiiary veriHeatloli by 
means of moon's motion, 812, 
Grayltational mellioils of diilermining 
Ibe Holiir parallax, 478, 47*1. 

Gravity, affeeled by eeiitrlfugal force 
dim 1.0 eiirlb’s rotation, 180 ; dlHlin- 
giilslied from oarlli's attruetloii, 181; 
on surface of moon, 201 ; on sun, 227; 
on Meremy, 802; on Veiiim, 808; on 
Mars, 408) on aHleroldH,*i28j on .Iniil- 
ter, *182; on Hatio'ii, 4*15; on tlramis, 
‘155; oiiNeptmio,<m Hee also Table 
I, p(if/(i 588. 

Gi'Otdc alphabet, puff a 581 , 

Guiliw, N. K. (1828-00), bbigllsli (u-tist 
and aimiteur, 411, 

(IregarloiiH leiideiiey of stars, 510. 
t regorlaii Oabmdiir, the, 185, :18(}, 
Gregorian leleseope, llie, *10. 

Gitnnimy XJIf, Poi.e (1502-85), Uallan, 
185, 

(liiianmv, ,1. (1088-75), Heoleli astr., *10. 
Gai^rAM.i, F. M. (J0I8-08), lialiiui astr.; 
Innar eraltir, 221. 

GmamniuimiK, H, (1755-1882), Ktigllsli 
astr., 580. 

Groups, (smiet-i *187. 

Govirr, A, (1807-8*1), Hwlss-Aiiierlean 
geologist, 880, 

Gyrosemie, tlio, showing rotatjoii of 
eni’tli, 127 ; illiiHlriUliig eanso of iiro- 
oesslon, 108, ' ' 
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H aiul K lilies of fainunn, vovoi’scd in 
solar jiroininoiuies, siiii-spols, and 
faculoiis regions of solar snrfnco, 2(13, 
2W. 

Halil tnliility of Jfars, 417. 

11a 1 , 10 , (f. H. (18<i8 ), di roc tor of Ycr- 

lco.s Olwervalory, 222, 2(il. 

Hat.!,, a. (182!) ), Frof. U. S. N., 41(i, 

•Hfi. 

Halt, 13 Y, H. (lfi.1(>-1722), second Astrono- 
mer Koyul, ‘lOfi, 470, 481, 037. 

Hardino, C. (170rKl.8.'ll), (lormati astr., 
418, 

HAUK813SS, W. (18:', 7 ), Prof. IT. S. N., 

47/}. 

Harmonic law, Kepler’s, ;i()7, 308. 

IIarhison, J. (H)!);{-17(i()), Kiiglish horid- 
ogor, fill. 

Harvard Oli.sevvatory pliotograiilis, of 
nstoroUl.s, 41!) j of ISres, 428 j discov- 
ery of fiatiirn’s ilnsliy ring and oiglith 
satolllte, 447, 4.12; Harvard jdiotoni- 
ctry, the, BOO; catalogncs of atclliir 
spectra, B72. 

Harvest and Innitor’s moon, .li)4. 

Heat, solar, 2(i7-27B: Us (inantU^, 207- 
271; ll 10 solar coiustaut, 207 ; inotliod 
of inonsnromoni, 20H; alisorptlon l>y 
oarlii'a ntmosplioru, 208; in terms of 
molting ice, 20!), 271; expressed as 
energy, 270, 271; its intensity (tom- 
peratiiro), 272, 273; Its constancy, 
274] its maintonance, 27/>, 270: from 
, .lupitor mid Saturn, B03 ; stellar, 50:i ; 
theory of, coneliisions from it .as lo 
ago and duration of system, 017. 

Hms, 15. (1800-77), (lormaii astr., B32, 
507. 

Holiocontrio placo of a planet, :!(i8. 

Heliograph, the , 232 . 

HuUomotor, the, 72;. used for solar par- 
allax, 407, 408, 472; for stellar paral- 
lax, 551. 

Helloseopoa, or solar oyoplecos, 231. 

Ilolimu, ill smi, 250, 257; distsjvory of, 
257 ; ill stnr.s, 570 ; In nehnlm, (i03. 

Hwlmtiot.tKiH. (1828-!)i), (lor man physi- 
cist, 275. 

.TTmnokw, h. (17()3-18(50), Ooriunii ama- 
teur, 418. 

Hmndkusox.'T. (1708-1844), llrsl illret- 
tor of Cape of Good Hope Ohsovva- 
tory, 548, 540, 

Hwnry 11 no’r incus, Paul and Prosper 


(?■ 


-), photographers of Paris Oh- 
Bovvatory. mO, 

TrMn8CiiKr,,A. a, (? ),JSnglisli astr. 

(son of >Sli' John), 520. 

IlKHsoJiKr,, Sir John (1702-1871), Kng- 
llsh astr. (s<ai of Sir AVllliuni), 231, 
2-12, 207, 380, 452, 450, 557, 00(1. 


IfKRSOiiKL, Sir Wii.i.iaai (1738-1822), 
Kiigli.sh astr., 4.12, 453, 450, .143, 5.1.1, 
580, COO. 

ITiovEi.ius, iT. (1011-87), Polish aslr., 
481. 

IIippAROiitJS (125 11 . 0 .), Greek astr., 101, 
105, 404, 532, 633, 555 ; lunar crater, 
221 . 

IloLOKN, 15. S. (184(1 ^), llrst director 

of lack Observatory, 501 i 001 . 

Ho I, MRS, 10. (? ), English amateur, 

— Ids comet of 18!)2, 4?!), 403, 408. 

IIooKiii, It. (103.1-1703), Knglisli astr., 
410. 

Horizon, the, doilned, 12, 13; dip of, 13, 
77. 

Horizon, artificial, 74. 

Ilmmu, (i. W, (1830 ), dirnctor of 

Doarhorii Ohsorvalory. Oi), 434, 

Hour angle defined,- 21, 20. 

Hour-circle defined, 20, 

HuoaiN.s, Sir W. (1824 ), Knglisli 

spoctroscoplst, 258, 303, 400, 5(ll, 511, 
503, 507, 570, 575, (i02. 

Hur.i/, (4, P. (1870 ), Amerloan physi- 

cist, 502. 

IIiiainoLDT, A, (1700-185!)), German nal- 
urallst, 387. 

IIuMPiiuRYs, W. .1. (?— ^), Amorlcuri 

])liy.siciRt, 250, 512. 

Him tor’s moon, J!)4. 

IIussRY, W. ,T. (? ^), American astr., 

601. 

Hutojiinb, 0. 0, (? ), Amoi’lcaa 

physluist, 211 . 

IIuYdiiRNS, (102!)-!)5), Hutch pliysl- 
(!iat, 44, 55, 410, 447, 452. 

Hydrocarlions lii cornels, 4i)8. 

Hydrogen, In sun, 250; in sim-spofs, 253; 
in (ill rom OH] die re and proud noiuies, 
257; in stellar .spectra, 508; in tom- 
portii’y stars, 575 ; in nelmlm, (‘i02. 

llyporlKda, tlio, 314, 316, 320, 482. 

llH^orlon, satellite of Saturn, 380, 462. 

I 

lapotus,. outer siilolllto of Saturn, 380, 
44!), 462. 

Illusion, optical, apparently onlarging 
coluslial ohjetits near the liorizon, !l. 

Tnolhiation of planetary orhllu oscillalos 
slightly under perturbation, 370. 

Inferior planets, their apparent oseilla- 
tlon on on(ill sido of ilni sun, 358. 

Iustniitnnoou.<) ellipse, the, 324. 

Inloriorof earth, Us proliahle condition, 
154. 

Interpolation of nhsorvatlons, .307. 

Tnlramorourlal pi a nets, 42!). 

In variable idano, the, 378. 

Inverse problem of motion under gravita- 
tion, 313-321. 
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Iris, an nslaroid, 4118, 

Iron, ill tho sim, 250; in eoinci. of 1KH2, 
'l!)8; in inotoorilos, 508; in stars, 51)7, 
IrroKulur varinlioiis oT llglit In comols, 
4{)7 ; In stars, 57>L (2). 

J 

ilANSSBif, <1. (1824 ), Frciicli Hiaaitni- 

Kcoiiist, 258, 40!). 

iTona, now icincis of opUaal sIiihh, 45, 

JnwKr.r,, I.. K. (7 ), Anierlcnm 

pliyaliilst, photogrnpii of soliu' Hpuo- 
Iruni, 2l(i, 

ilnllan lailondnr, tlio, IH I. 
tTiilinn porloil iiinl opnnli, 188. 

Juj.ius, W, n, (? ), Diilnh pliysi- 

ci.st, 25(i. 

Jiiiio, an astoroid, illsiiovory of, 118; 
(Hainotor, 422, 

Jiipitor, 887, USD, •I81-4 t2; orbit, porioil, 
otc,, <181; ftianiittor, mass, ato., <182; 
toloscojiit; nppaarauco, 488; atmos' 
plioro and spooirnin, rotation, 
‘i.'Hi; jiliysionf condition and rod spot, 
<l,')(j; probablo tomnoratiiro, <1,87 ; satol- 
litoa, <188, 4.H1) ; ocllpaos and transits of 
natoIlltoH, 480, <141; dotonninatton of 
Ihoconslantof tlio llglit'ccination, and 
tlio distancu of tlio siiii from aclipsoH 
of liiosatidlitos, 441,442; ills rclatloiiH 
lo coinots, 484, 48,5, 404; lioat from 
Jupitor, 5()3. 

K 

Kant, iMurANUisi, (1724-lH!H), Gornmn 
pliUoRoplior, 018, 

Kai’tioyn, J. n, ), 1)11 toll astr,, 

554, 677, ptm 587. 

Kkkwcu, J. E. (1857~Ji0)), Honond dl- 
roolov of Liolc ObsorvtUory, >150,611, 
512, 502, 500, ilOO, (}()2, 

!Cnf,viN, I.oui) (Hlr Williaiu Tiionison) 
(1824——), ScoUdi pliyHicIst, 164, 612, 
513. 

Ckxt.icii, John (1571-1(180), (I ormaii astr., 
152, 1(18, .■107, <118, 4(14, 481, 575, 577; 
lunar cralm', 210, 221. 

CnuMiuoKi-', (1. U, (182<I-K7), (lorman 
physicist, 24(1, 2 17, 250, 252. 

CwciN, H. (1842 ), (lormaii nsLr-i 681, 

nolo, 

CUSTNKU (? ), (lormaii nstr,, 01. 

L 

jAdy HunoTNH (loilpoi'iitoH wltli lior lins- 
band in work on stoilar spoctni, 57(1. 
<ngglng of lidos, 886. 
iAORANai!, .1. L. (178(1-1818), Froiuili 
matlioinntloian, 87(1. 

>akos, and Inland sous, tidou in, 844. 


IjAr.ANDK, ,T, (1782-1807), Fi'cnidi astr., 
582. 

Lank, <T. 11. (1810-80), Aincrlcnn pliysi- 
(slst, 27(1. 

I. aNdbKY, ,S. r. (1881 ), American 

pliysicist, 212, 24(1, 2(1(1. 

Lait.aok, 1’. S. (1740-1827), Frcncb 
matliomatlcian, 87(1, 88(1, 48(1, (118, ()HJ. 

J. ASHKr.i., AV. (1700-1880), linglisli ama- 

teur, 45(1. 

Lalil,udo, ci!lo.s(ial, dodiiad, 27, 20. 

Lad tulle, solar, of mm-spnls, Hpotiror's 
law, 244, 

].atltiido, torrcstrial, its relation to posi- 
tion of celestial polo, 82; aslvononiical, 
dofmed, 87, .188 (1) ; delormlnnlton of, 
88-08; dotonnliuidon at sea, 00,112; 
variation of. id ; geocentric, 188 (8) ; 
gcograpliieal, 188 (2). 

T.aw, of gravitation, 148; of ea rib’s 
orliilal molioii, :i(;2 ; of areas, '1(12, 808- 
80(1, 807 ; Lane’s, of gasemis conlrac- 
tion, 27(1 ; Bode's, 840. 

Laws, KlreiiliorC’s, relating to spectra, 
247; Keplor’s, 807. 

Li<:nKi)KW, 1‘. (7 ), Hnsslan pliysi- 

elst, 602. 

I.IOIIINITZ, (J. (1(14(1-171(1), Gorman pliilos-' 
opber, luimr nioiintatiiH, 210. 

Lkmonnikii, P. (1716-00), Frencli asl r., 
468, 467. 

Lengtii of degrees on earth’s surface, 
formula) for, pafpin 681, 582. 

I,eonidH, die, 621, 522, 626-627. 

Liivicnuinu, U. J. (1811-77), P’rancli 
astr., 428, 457, 472, <174 , 62(1, 627, pum 
682. , 

Idtl.KKt.f., il. (17<IO-84), 468; )iis comet of 
1770, <101, 

Lliiratlons of dm muon, ’208; of Mer- 
eary, 804, 

Lick (ibserviUory and leleseope. 61, 222, 
208, 400, 411, 422, 504, 642, 677, 602, 
600,000,(102; pleturo of olJsorvalory, 
imfte. ‘170. 

Light, abmTiition of, 171, 178; velocity 
of, 178; of dm niooii, 210; ortlmsiin, 
206, 200: tlm eijiiutlon ol, 440; of 
eomols, ‘017; vejtitlslve force of, 602; 
iiglit and lieai; of nieieorU, 612; re- 
eelved from certain stars, 502: einiltud 
by certain stiu’s, 604, 

Light oiu'ves of variubte slam, 670. 

Llglil'gatherlng power of telescope, 48. 

Liglit-ratio of ubsoliUe scale of sl,ar 
nmgnltndoH, 657, 658. 

Light-year, die, 647. 

Limits, wdliide, Umar, 280; soiar, 20!1, 

Lines, eotldal, 880, 840. 

Lines in spuelrimi, exiilanation of dark, 
in solar Hiieetnmi, 247; diNiiliicoment 
of, liy motion, suoXloiiploi’-Fisioaiiiirin- 
elplo, 
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LikjhI mul flljindftnl timo, 110. 

r.odiCYKU, tSni iT, N, (lHi!(i ^), ICnglisli 

spodli'iiHoonlst, 2f)2, 2, IK, ‘108, f)2S, 
rmil, {581, 51)2, (i02, (108, (iJ5, (ilH, noto. 
Long iiicqimlltios of plimols, ,‘575, 
Loiigilndii, uolORllal, dofiniid, 27, 20. 
T,oiiLdtndo. lorroHti'iiil, dollncd, 10.') j 
dotovminullon of, lOG-'IOS); ntsoiv, 107, 
lOH, IM. 

Lowi'ii.r., P. (1855 ), nsfr,, 

, ;5i)iv‘ii)2, -ii2,-ri;5, -i)({, iir. 

Liumv, diHluiKioH, lOH; inflnonoos on tho 
. oiU'tli, 215; ])lKilogi’i»iiliy, 218, 222; 
ndlpHi'H, 282-288 ; porUu'butlonH, 82()- 
821). 

Lyai an, 0, .S, (1814-80), Amorldiiii anti’., 
•lOI. 

Lyrio, e, .157, 585, 507 j a (Vogji), 582, 558, 
5(K), 502, 508, 5(H, 

M 

MAienr.KK, J. H. (1 701-1 87‘l), (lovinan 
asU'.. 51‘1, (SOO. 

MagnotiHm, torroHlrial, iliKtiirbiid hy 
inooii,2J8| ooniuiolod \vl(.li Hiin-npols 
and olhov «olar dl.stni'hanoo.s, 2'18, 
IVliigni Tying powor of tolosiuqui, *12. 
Magntmdos, utoltai', 555; lynidiil alavH of 
Ili’Ht and HODinid niagnitiidos, 557 ; dlf- 
fomnco of, ils rolatloii lo nitioH of 
IniglitnoHS. 558; of Ai'cturiiH, (ia|)olla, 
Junltoi'j Sli'ldH, Yoga, and tlio Sun, 
568; vIbIOIo 'with tolOHooiiOH of givon 
iiportnro, 550, 

Sralntonanco of Holar lioat, 275. 

Jlap-s. of 11)0 moon, 218; of tdaiioLai'y 
oi'nllH, 851 ; oT jMai's, 41*1 ; of atav.s, 
582, noto. 

Dliit'iiiu nidlliod of dolonnining, lalilndo, 
00,112} tlnio, 108; loiigltndo, 107, 108 ; 
Snninov’a motliod giving liotli hUitudo 
and longiiudo, 118, 114. 

Alat'S, 'lOT-'ll?; orhlOvl data, 407; dimon- 
sloiiH, inuHH, donnliy, mii'fac.o gi’avity, 
Ota., ‘108; t()loN()oiil<i aHiioat, plm.so, 
alhodo, and atmo.simoi'o, 400; notation, 
410; topograpliy, 411; aaiiala iiml 
tlioh' goinlnivtlon, 412, 418; sonHonal 
chango,4,‘ll8j nnviWjlM ; Uminoraturo, 
415; siitollltos, 41(1 ; habitabllKy, 417 ; 
ohHoi'vad for Holar parallax, 40(1, 407. 
JiAHKMr.VNJC, N. (17,'W-lHll), foni'th As- 
Ironoinov Koyal ; lunar orator, 221, 
MaoH, doilnition of, and dlatlimtlon from 
woight, 140, 141; of earth dotornihio)!, 
148-158; of moon, 200; of Him, 225; of 
planet, Imw dotormlnod, 880-882; of 
cometH, 41)1, of ,Hhootlng-Htarn, 511); 
of binary HyHtoniN, 51)4, For maH,so.4 
of plaiiotH. HOD Tablo I, puf/e 588. 
Ma.wvkw,, J. (Jr, kuk (1881-70), Kagliah 
l)hyHl<)l(Jt, 502. - 


Jlazapil motooi’ito, tlin, 524. 

Moan solar timo dollimd, 08, 174. 

Moditorratioan, tidoH in, 844. 

Mur.Loxr, M. (1708-1854), Italian physi- 
ols!, 211. 

Moronry, 800-800 ; orbital data, 801 ; 
dimoKHloiis, mass, d«iisity,and surfaco 
gravity, 802; telosoopic apjicaraimc, 
pliases, and atmosphoro, 808; rotation 
and libvathms, 8!)4 ; alhodo, 805; 
transits, 8i)(). 

Meridian, (leleHtial, delinod, 14, 20; ad- 
vantage of olisorvatlons on, (iO. 

Jleridian or transit (dirlc, the, 08, (iO; 
(ISO In dotoimilning latitude, 80; places 
of lioavenly bodies, IKS, 584 , 585. 

Meridian, teh'estrlal, inoasiiromont of 
are of, 121, 122, 188. 

Mmssim){, 0. (1780-1817), French nslr., 
470, 584, 500; lunar orator, 221. 

Metallic iiroinlmmeoHi 2C0; linoH in spec- 
trum of comet, 408. 

Meteoritic liypotbcHls, 528, (i()8, 615. 

jrctoor.s, inoi 00 rites, find sliootlng-stnrs, 
5()7~,528: metooi'ltcs (aiirolUlo),fnll of, 
507 i weiglit, relative luimbor of stones 
and irons, uml ]i umber in cabinets, 
508; aiipearanco and (diemioal constl- 
tullou, 500; path and voloelty, 610; 
inothud of observation, 511 ; ox]dniin- 
tion of liglil and lieal;, 512; (lioir 
origin, 518; prulmblo total annual 
nimilior, 514. For silent niolcors 
(shaoting-stars) and metcovle show- 
ers, SCO Sliootiiig-Htars and ^ibowors. 

Motoii {‘1.H8 n.(!. ?), (Ireek astr., 187. 

Metoiiic. cycle, 187, 

iMioiini.r,, liMV. .T. — 1708), lOngliNll 

iistv., 148, 

Mil’ll MI, HON, \V, (1852 ), American 

|)liyslctst, 178, 256. 

Mlcromelcr, Jtlar, tlic, 71, 117 , 8711, 561, 
585, 

Midiilglit sun, tho, 86. 

Milky IVay, tlie, (i05, 60(1. 

Mimas, Inmu'niost satellite orHaturn,452. 

JfiNOHiN, (1. M. (? ) , Ifingtisli physl- 

ciHt, 560, 

Mira (0 (loti), remai'kaldo vaviablo, 67H, 
581. 

Missing stars, 574. 

Mofii.KK, .1. V. (? ), Amerieim 

pliysletst, 256, 542. 

Monocoros, rcmurlcahle nebula in, 600. 

Montli, sidereal ami synodic, 101 ; nodical 
ovdvacoiiltie, 102; Umgtiamcd bymni’s 
distuvljing notion, 827; varloas kimls, 
length of, pa(/o 582. 

Moon , (lie, tJhapto r YU, 1 80-222 ; appar- 
011 1 motinii and dcliiiitlons of torma, 
100 i sidereal and sytiodic months, 101 : 
tlie moon’s path, nodes, and luidieal 
month, 102} nitorvul betwooii tranaita, 
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1{)3; ImrvfiRt anti Imntor’s moon, ItM ; 
Xoum of oi'bit, lS)fi ; flistnnoc, i)avallax, 
and Yoloclty, H>0, 11)7; orldtwlth rof- 
oronco to amt, 15)8 ; tlinniotov, otc., IlK) ; 
inasa, 200 ; donsily and enrfnco grav- 
Ity, 201; rotation, 202; Ulirationa, 
20:t ; phasos, 201, 20,1 ; oarl h-aliino on 
1110011 , 2(Ki; atnioapiiisvii, 207-20i); ali- 
soiico of water, 208’, Ilyht and nlltedo, 
210; lioafc and tenipovaturo, 211, 212; 
inlUioncos on earth; 218; telearoplc! 
appear aneo, 214 ; aiirfaee fornialioiia, 
210-217; maps, 218, 221; nonieiitda- 
taro, 2111; supposed fliaiiKOS, 220; 
pliotOKiupliN, 222. Ftir laliulatetl flata, 
see also Talilo 11, page CHI. 

[ooii ((Qincs nol Iraatexl in (Jhaptpr VJI)^ 
longitude hy olisorvations of, 108; 
eclipses of, 282-288; lioat radiation a.s 
alTectod liy eelipso, 287 ; jmralHilic 
velocity at lior surfuco, 81P; perlnr- 
liations of, 820-82!); lier titlo-ralsinj' 
forctj, 832-8!41 ; offoct of titles upon lit'i' 
motion, 8-10; projotitloii ami calcula- 
tion of ecliiisos, 708, 701. 
fountains, lumiv, 210. 
fotioii, fi'co, 801; of hotly acted on liy 
foiffo, 802-300; apimront, of plaiieis, 
8B8-8B8; of planets In space relative 
to earth, 801 ; rolativo, law of, HCl, 
040; in rlglit nsconslon, 855; in lati- 
tnde, :i50; in elonp;nlloii from sun, 
857, 858 ; orhital, of oarili, point 
to wlileli dlrocteil, 510; of stars, 
eonimmi anti proper, 587-58!); real, 
of stars, 510-512; of sun in space, 
548. 

lotion in lino of sljrlit.seo lladial volottity. 

iir.T.Kii, (i. {?- ), (lornmn astr., 

422, 500 (2). 
nltijilo stars, 5i)7. 


W 

adir, the, tlennod. 11. 

adir point of mei'ldlaii-ttirt'lo, 01). 

alccd-oyo stars, luunlier of oacli mn;tnl- 
tuilo, 550. 

ASMYTii,,!, (1808-{)0), Hiifrlisli amateur, 
215, 

uap tides delinetl, 881, 

oarnoss of a star, Indleatlons of it, 
552. 

Bhnla and nelnilai; radial inotlon of. 
541, 002; tomjMirary star tninsfurintal 
Into, 570, 577 ; snrroi indium Nitva 
Porsoi, 577; nnivod-eyo nehulm, ami 
various forms of, 501) ; immhor of, 500 ; 
supposed eliauKOH, <W11; spoolrnin of, 
002; natiiro of , 008 ; distance and dis- 
trihiitiou, 004. 

ihnlnr hypotliesis, the, 018; dllllenllluH 
and iiOcossary inotlliiuatlons, 014. 


NicrsoN, K. N. (?- ) (ainco 1888, 

Nnvir.nic, K. N.), EiikHsIi nslr., 11)7, 
221,i)rtt/fi 582. 

Nogatlvo eomdusions as to prt'Hoiico ttf 
olements in heavenly Ixitllii.a Hiiwar- 
ranted, 251, 408, (>08. 

Negative parallax, 551; iiingnltiitieH, 5.58. 

Neptune, 457-401 ; tliscovory, 457 ; error 
of pretlitdt'tl orbit, 458; orhilnl tin I a, 
450; tliamoler,mnsH,elt*., •150 ; snlidlUt!, 
400; tlie sun ns seen frtnii Neplime, 
40t; Ids family of eoimds, 485. 

Nww.M.n, It. K. (? ), KikKllHli aslr., 

502. 

Ni-^witojin, S. (1885 ), Prof- H- H. N., 

2-10, 47 1, *175, little, 5.5(1, 502, tlOH, 


017. 

Nhwtdn, it. a. (1880-5)0), AiiierlftlH 
aslr., 480, -llHi, 51;), 51(1, 525, 520. 

Nkwhin, Sill IsAAt! (1012-1727), EligHnli 
plillosophcr, 40, 74, 122, 108. 80,8, ;««), 
811, 812, 818, 810, 817, 481. 

Newtmdan telesct»iie, 40; tnnisliinl, 145, 
150. 

NKnior.s, 10. F. (IHOl) ), Aniorleiiu 

physlidst, 502, 508. 

NicKel, 111 sun, 250; Iti inelciirltt intn. 


508. 


NIcol prisms in plionmiolry, 500 (2). 

Nodes, doiiiied, 102; of mtioii's orlilt ritjil 
their regression, 102,827 (8); levtilii- 
tion of, in phineiiiry ttrhjts, 870. 

NonitMNsKitti.i), A. I'J. vttN (1882-1001), 
.Swt'tiish explorer, 518. 

Novui, ftr leiiiporary slurs, 575-577. 

Nuf.leiis, or uhihra, of mni-s{nd, 284; 
of Iho sun, 277; of a coiiiclj 402, 
408, 


Niuuher, yearly, of otdliisoK, 207 ; In a 
Sants, 200; ttf uHteroltfa, 418, ■124 ; lUi- 
iiiial, of aerolites, 514; littiirly iiiul 
dully, of shottliiig-HlarH, 51(5: of Hie 
stars, 580; of vlslme stni'H of illfl'i'niiit 
imignilutles, 550; of varlnhln Htlirs, 
588; of known (telescitjtlc) Ithiiirlos, 
587; Ilf speetroHCOpIn hiiiiU'icH, 502, 
508; of neliuhn, 500, 002. 

Nutation, 170; cmisltiiit of (Furls Oonrer- 
eiiee), /Hi/yc 582, 


0 

Olieron, ontorinnst siitolillu of llniiiiiH, 
450. 

Olijeet-glnss, liglit-gatlieviiig |Hiwer, 48; 
dtfforoiil forms of, 44 ; HeeoiKluL'y spue- 
tinim of, 45; apiaiiallc, 45; diainotni' 
reniilred to sitow Niars of glvuii mag* 
11 Undo, 550. 

Olilaieiicssi or oil] pi icily, of 1 1 in oiirtli, 
132, 184, 180, puffo 581. JCor ijhlaln- 
lieSH of 1)1 ill lots, sue Tillilu I, \H(ya 588. 

Ohilipiu spfioi'o, (liu, 85. 
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Obliquity ol Uio ediptic, clofiiied, JBG; 
cliaiigo of, Ifii (B) ; aiudont obsorva- 
tioii of, lG‘i, note: clomout iti o(iua- 
tion of-tipno, 17C; its valuo, par/e r)«2, 

Ob SOI' vat I oils, intoriiolatioii of, J5G7. 

Ociiultatioii, oirole of poi'iiotiial, BB ; loii- 
gitiulo (1(3 tor mi nod by, 108; of stars, 
BQQ. 

Oculars, or cyiipicces, '17. 

Olijers, I-r, AV, M. (17B8-18d0), (Joriimii 
amatonr, 418, 

OLAfSTHi), J). (17111-1 8Bi)), Aniorionn 

physicist, 'B2B. 

Oiuicvou Coti, Bbo Mira. 

Ojdiiiiclii, Nova, B7B, 

Oi’i’oExuR, E. (? ), Austrian u]o1:g- 

orologist, U'l'A 

OPPOT4ZICR, Tit, VON (1841-80), Aiiati'inu 
astr., 290, B20. 

Opposition dofliied, 100, 352. 

Optically double stars, B80. 

Orbit, of tiio oartli, 158-101; obnngos in, 
104; of moon, 19B-198; mirvaturo of, 
226; of H planot, the olomonts, 362; 
pnrallaotio of a star, 540. 

Orbital data for tlio plnnots. Table I, 
page 583 ; for the satollites. Table II, 
pages 584, B8B. See also xmder names 
0 / individual pla7iots. 

Orbits, of comets, 481-488; of binary 
stars I 587-590, Table ATI, page 590 1 
Opparont and real, '588; rolatlvo and 
absolute, 58^;; tlioir size, 590, 

Orbits ill tlio ftystem of the stars, ques- 
tion of, OlO. 

Origin, of tlio asteroid group, 425; of 
eomot-famillos, 485; of (ioinots, 489; 
of aci'olltie iiiotoors, 513. 

Orion, great nebula of, 599, 000, 002. 

Osuillatloiis, of occoiitrioity and incllnu- 
tion of planetary orbits, 104, 370; 
free and forced, 3.38. 

P 

Pallas, asteroid, discovery of, 418; incll- 
imtloii, 421; diaiuotor, 422. 

Parabola, the, 314, 315. 

Parabolic, elliptic, and liyperbolie orbits 
of comets, tlieir relative iiumlior, 482. 

Pa rail olio orbits of eomets, 481-483. 

Puraliolio velocity, tlio (or velocity from 
biilnity), dollucd, 318; at the surface 
of dilleront bodies, 319; relation lic- 
twceii it and tbo species of the orbit 
doscriliod by a body, 320; determina- 
tion of Its value at (Ilsiauco unity, 320, 

Parallaotie inequality of tiio moon and 
. Its use to determine the solar paral- 
lax, 473. 

Parallax, guocoiitric, or dinrnal, defined, 
78; Its law, 79; relation to distance, 
79; equatorial, 80; of tlie moon detur- 


miiicd, 190, 197 ; of the sun, 223; also 
Ghafitor XV, 4(J3-‘t75 ; importance anil 
illtllculty of problein, 403: iiistorlcal, 
404; geometrical motlipds, okserva- 
tions of Mars and of astoroids, 4(Hi- 
4(i8; transits of Venus, 409-472; gravi- 
tational inotliods, 473, 474 ; table of 
values obtained by dtfl'eroiit methods, 
475 j value adopted by Paris Coii- 
forenco, page 582. 

Parallax, belioeeiitrie or annual, defined, 
78, 544; of stars, 545-554; its dotcr- 
nilnation, by tlie absolute metbod, 
549; by the dKTcvontial method, 550, 
551 ; negative parallax, 551 ; posstblo 
spectroscopic method, 553; stolliiv 
parallaxes, Table IV, 587. 
Parallel lines, their vaiiishlug point, 7. 
Purls Conforonco of 1890 adopted values 
of astronomical constants, page 582. 
Paris Observatory, Its piiotograiildc tele- 
scope, 530; engraving of the observa- 
tory, page 530. 

Partial ci41p.seH, of moon, 284; of sun, 291. 
Paths of meteiu's, 510, 517. 

Peirce, H. (1809-80), Amorlenii matlio- 
matleinn, 449, 48{1. «> 

Pendulum, cmupoiisatlou, 55 ; Foucault’s, 
125; use in (lotermiulug tlio llgure of 
the earth, 130. 

Penetrating power of solar rays, 273. 
Penumbra of sun-spots, 234 , 2;i5j of 
earth’s shadow, 283; of moon's 
shadow, 291. 

Perigee dofiuod, 195. 

Porllielia and nodes of planotary orbits, 
tlioir revolution 1 104, 370. 

Porlhollon, defined, 160; distances of 
CO mots, 488, 

Period of a planol, expression for, 321; 

metiieds of deterinltiliig, 309, 370, 
Perliidio porturliations of the enrtli, 1(14; 

of the 2ilanets, 375, 

Periodic variables, 578-580, 

Periodicity of sun-spots, 240. 

Periods of plnnots, sidereal and synodio, 
and relation between tlioin, 351 ; 
imehangcablo by secular porlurba- 
tious, 370, 

Pormaiiont tides, condition for, JUKI. 
Porpotnal aimiirltion, circlo of, 35, 

Peruotjn, j. (? ), Frunoirastr,, 

. 173, 403.-, 

Porsoids, tlie, 522, 52(1, 

Personal ispiatton, 04. 

Porlurbatioiis, of the earth’s orbit, 104; 
of tlio moon, 32(1-321) ; of tho planets. 
{174-377 ; mass of planot dotermliiml 
by moans of, Jl80; of Uranus loading 
to tllsuovory of NeptniHb 457; of 
Venus, Mai'.s, and Eros used to dotor- 
miiie solar imrullax, 474; of tho 
Leonid meteors, 625, 
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Vlmsn niuT phases, oI tho moon, 201, 
2()r>; «f Moveiny, of 'Vomis, Wil; 
of Mill's, >100; (if Juiiilnr, 4:i[{; of 
.Saturn’s i-iiiK, 448. 

I'hohos, I II nor satollito of JEais, 41(5. 

Plmihc), a I'oportctl ninth satulHto of 
Saturn, 452. 

l’]>otni5lu'ono;ri.,ij,],j 05, 

rhotnjri’apliio lolosiMipos and slar-rhart 
oanipnlKn, 5:Hi, 

riniUiKi'aphs, of star trails, 18; of moon, 
2'22; (if aim, 282; of sim-apots, 28.5 ; 
of sriliu' s])W!li'iun, 24(5, 240; of Hash 
apoctriini, 252; of .solar ni'oininonoos, 
2(5L; of tlio f.orona and Us siMsai'inii, 
2152, 2(5;i; disrovory of nstoroids liy, 
dlO; id’ comots, •l'70, 501; of atnrs, 
5:tt5; of Htollar aiaudra, 512, 570, 571, 
501, fiOIl; of ludmla around Nova 
I’oi'Hol, 577 ; of slar (‘lustors, 584 , 5118 ; 
of iiohiihii, 500, (500; of tlio Alilky 
Way, (505. 

I’lioloKmphy, np()lUid to olisorvations of 
star tnmslts, (55; to dotonulnatlon 
of pliioo of a (•olKstlal ohjort, 117; I" 
diHoovory of asteroids, 410; to ohser* 
vatioii of (iellpses of .limiter’s salol- 
liUia, 441 ;■ to transil.s of Vonus, 472 ; to 
discovery of eomots. 470; io star 
clini'llnf', 5:i(i; lo stollar spcetrn, 542, 
570, 572, 501, 50;i, 

I’lioto.splioro, the, 2;i;5, 278. 

riiyslcnl nietlnids of detnrininiliK the 
sun’s (Hslanen by inetins of llie veloc- 
ity of llKln., 17:5, 4>12, 475. 

I’TAZ/.i, (1. (174(5-182(1), Miclllaii nslr.,418. 

I’KrAim, J. (1(520-82), li'rniicli astr,, 122, 
812. 

PioKKHiKn.H.O, (181(1 >-—), fmirlhdivec- 
lor of Harvard (lollaan ( Ihservalory, 
:i8:i, .11(5, -111, 5(50 (2), 5(10, 571, 581, 

no:i, (Hio. 

PIOKHKINII, AV. If. (1858 ), 452. 

1‘laeo of a lioaveiily hoily didlued, 8, 

I’laceK of stars, see Klar places, 

riniiu, iiiViirlahle, :i78; I'ulaclh^, (505. 

Plaimt;. inethods of"' dolornduliif: its 
inuMOd, 8150, 870; Kcmuolricnl motho(l 
of (|oiurminin;r its dislauce from tiin 
8UU, 871-878; dulerniiuatliai of diain- 
etor, siirfaeo, and volume, 5170; of 
muss, deiialty, and surface sravity, 
88(1; of its rotation, 5588; of alhedo, 
881 ; of surface nuirklUKH, 885, 

Platnstiiry orbits, map of, JIM; olmneiils' 
of, ildil, iltill; ;fonoral method of doter- 
uuiilng olommitK, Jt(l5; perlnrlmUoiiH, 
874 -87(1; data, rehitivo aceuvuey of, 
888 ; clfttii, ’I’lihlo I, «««« 588. 

Planotavy system, stahllity of, 877; Us 
ffonosiM, til2-tll4. 

I’laimts, list of, 847. 848; Itode’s law of 
distaiiees, 810, 850 ; iiorlods, 851 ; a])- 


parent motions of, 8.58, 858; elassUi- 
eiition of, Jt87 ; iiitranierinivial, 420; 
possible, utlendlna stars, 50li; data 
relating lo them, Tuhle I, pai/e 58;i. 

l’i.ATo (420-818 H.r.), (Ircidc philo.HO])her ; 
lunar crater, 210, 221, 

I’lehules, tho, 541, 508; nebula In, (100. 

Pliny, tJ., the eliler (a.o. 2;t-70), Itoman 
naturalist, 274 ; lunar crater, 221. 

PodSoN, N. (182SI-01), asir., 557. 

I’olnt 111 heavens lowiirds ivliieli earth in 
iiinviiuf at any niouieat, 51(5; (owards 
wliieli Sim’s motloa in .space is 
directed, 54;t. 

Polar caiiSj of Vemia, 402; of Jliirs, 411. 

J’olarls (a Urste Minorls), tlio jiole-nlar, 
18; siieeirnm of, com)iareil with tltil- 
ninm, 512; a typical sccond-magiilUide 
slar (nearly), 057; a spccIrosiMiple 
biliary, 502. 

Pole, eelestial, delliicd, 10; rclalion 
lictw’eeii Us altitude and the observer’s 
latitude, 82; Its precesHioniil motion, 
i(l(l. 

Polo, of ihe eeliptie, dellaed, 27, 16(5; Us 
posUlon ill heavens, 150; of the sun, 
220; of tlio (lalaxy, or Milky AVay, 
(i05, 

Pole, torrostrliil. Us wandering, 01. 

Pirns, ,1. L. {17(il-18:tl),Freneli astr., 470. 

Position, circle of, of Simmer's niolliod, 
1 18. 

PosUton nileromoler, 71 ; lUiKh), 585. 

I’olsdam Aslrophy.si(tal (Uiservalory, Us 
photoKi’iiplde telescope. Frontispiece ; 
Hpe<!tl'OK>')ipli, 542; ]ihid()nietrle sllir- 
calaloKiie, niiO (2) ; eiiKravliiK of the 
ohserviilory, vum 451. 

Pouibf.KT, (j. S. (1701-1808), Freiieli 
physlclsi, 207, 272. 

I’onnual, the, 142, 

Power, maKHifyiu;f, of leleseope, >12; 
liKhl-;fathorliiK, 48. 

Precession of the eiiiihio.vcs, discovery 
of, 105; elToct on jioslllon of celestial 
pole, 100 ; on sIkos of /.odiiie and on 
visIhllUy of conslulhiUons, 107 ; Us 
physical cause, 108; imiislanlof (Piii’ls 
( km fereiice), w«//fl 582. 

Pressure, Us elTec.t In sliiftUii' lines of 
spectrum, 25(i, 542. 

Prliue vortical, ileilned, l-l; liislriimeiit, 

0 ( 1 . 

Prliiiln;' of tho tides. 881. 

Printing chroiioKranli, 50. 

Prlsmalie eamerii, 252, 20J5, 

PitrrmiAun, Hkv. C, (1808-ii8 ), IShkUsIi 
iiHlr., 551, 5(50. 

Problem, Kepler's, Kill; of two Imdli^s, 
81.0, 817; of lliree bodies, :522-825, 

Progressive chan aim of hriahtnesH In 
stars, 574 (1). 

Projectile force, 801. 
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ProjectileSi tloviation of, by oni'th’s rota- 
tion, lat. 

Projontioii of a lunar ecli])So, 70!{, 

ProminenciOH, solar, 2(57, 27!) ; tlioir olwor- 
vntion by moans of tlio si)0<il roscojjo, 
258, 251}; dlfforont olassos, 2(!0; plio- 
. lography of, 2(U. 

Proper motion of stars, d iaoovory of, 587 ; 
l)ow doteoted, CHS; nv(jrage, for stars 
of difTforent inagiiluicles and inaxi- 
]mim, 581); largo, best « priori iudi- 
ontion of nearness, 552. 

Ptoi.kmy, CoAinnus (a.ti, 140), Alexan- 
drian nstr., 8<l!), 4((.|, 481, 581, 582, 
588, 555; lunar prater, 221. 

Pnnetnal variable.s, 581. 

PuniiAcnr, (I. {1428-(il), Qornnm astr. ; 
lunar orator, 221, 

Q 

Quadrature doflncd, IflO, 852, 

Qiinullly of solar heat, 207-270. 

Quart/,, fiber for torstou-balaneo, 158; 
prisms, 570. 

R 

Radial voloclty (lu Iluo of sight), dotov- 
iniucd by Itonplor-Fi^rean priuciplo, 
251, 255; of stars, 541, 542, 548, Table 
Viii«/7fl588; of iicblilfo, 002. 

Radian, tlio, detiued, and Its value la 
seconds of arc, 1). 

Radiant, tho, of motoorio sbowors, 521; 
stationary, 62,8, 

Ratliatlon, liinar, 311, 287 ; solar, 207-275 ; 
Stefan’s Law of, 272, 

Radius Yoetor defined, 100, 

Ramsay, AY. (1852 ), English cbomist, 

257. 

Raji.sdkn, J, (1785-1800), English meeli- 
nniclan, 47, 0!), 

Rato of oloelc ilofined, 50. 

Ray systems on moon, 217. 

Rccairronco, of eelipsos, 2il|l; of transits 
of Moreury, 800 ; of transits of Venus, 
400. 

Red spot of fjnpltor, 4,80. 

ReJieeting toloseopo, 40, 577, 000, 

Refracting toloseopo, simple, 41; nebro- 
matlo, 44. 

Rofraotlon, astroiiomleal, 82, 88, Table 
pa(/fi 411.1 ; anomalons, 250. 

Rogrossion, of nodes of moon’s orbit, 102, 
827 ; of plaiiulnry orbits, 870. 

Rm(!]n5N»AOU, 0, von (1788-18011), (lor- 
innn eboinist, 514. 

Re]ath'’o motion, law of, 854, 540. 

Repulsive foveo of sun, 502. 

Reticle, the, 4.8, 

Retrograde motion, of planets, 855; of 
satollltes of Uranus, 450; of Neptune, 
4(10. V 


Rovorsal of speetruin Hues, 247. 

Ro versing layer, tho, 252, 2711. 

Rhea, sa(;ollito of Saturn, 452. 

Rmeioi.i, G. B. (161)8-HI71), Italian astr.,' 

2111 , 

Right nsconsion defined, 24, 20. 

Right nsconsion and deellimtion, deter- 
mined by tho moridian-fiirelc, 110, 
584; potivorskm into a/.tmnth and alti- 
tude. 701; Into (oolosliul) longitndo 
and latitude, 702, 

Rigid, sphere, the, 88. 

Rings of .Saturn, 447-451. 

Ritciiky, G. ay, (? ), American 

meelmnhdnn, 322. 

Rivers, tides in, ;t41, 

RoiiKiiTS, A. (? ), Rnnth African 

astr,, 50-L 

RondUTK, 1. (? ), English amateur, 

000 , 001 , , 

Rokmku, 0, (1044-1710), Danish astr., 
440, 

Rordame’s comet of 181)8, 477, 501 . 

Rossk, Loni) (third carl) (1800-07), Eng- 
lish amatour, 51. 

Rossk,L()ri> (fourth earl) (1840 ),211, 

212, 287. 

Ihdation, apparent, of celestial spliovo, 
18; of earth, proofs, 124-127; possi- 
ble variations in its rate, 128, 845, 81)0; 
of the moon, 202; of tlio sun, 2211,280; 
of planets, how determined, 888; of 
Mercury, 804 ; of A'enus, 408 ; of Mnr.s, 
410; of Jupiter, 485; of Saturn, 445, 
‘150; of Saturn’s rings, 450. 

RownANn, H. A. (18<I 8-11)01), Amorlcan 
physUdst, 250. 

Runaway star, the, 580, 

liUNOfc, C. ('.’ ), German spoetro- 

scojiist, 250. 

Russunn, H. N. (1877 ), Amorlcan 

astr., 401, 5iH, 

llUTiCKni''iTRi), L. M. (181(1-1)3), Atnci'l- 
can amateur, 222. 

S 

Sappho, an asteroid observed for paml- 
lax, 4(18. 

Saves, the, 2110, 

.Satellite and satellites, mass of a nlniiot 
dotormlned hy moans of Us, 880-882 ; 
satolllto systems, data dotormlned, 
880; hypothetical, of Vomis, 405; of 
Mars, ‘ilO, (1X8; of Jiipl tor, 488-1142! of 
Saturn, 452; of Uranus, 450 ; of Nop- 
tnno, 400 j (lata, 'X'ablo 11, paffo 584. 

Saturn, 448-^152; orbital data, 444; dhuon- 
sions, mass, density, rotation, etc., 
445; surface .features, albedo, and 
spectrum, 440; rings, discovory, an- 
poaraneo and dimehslons, 447 j tholr 
phases, 448; their uature, 4411; 
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Keolor's spcotvoseopio doinonfiU'fttioii 
oX tholr noii-coheront stmoUivo, 4/)0; 
tholi' stabllily 1 4ni ; tlio satiillUcs, 'l/ili ; 
boat from Saturn, fi(»H ; rliips sujigost 
iiobular liyputheslH, (U.3. 

ficalo, absolute, of Htcllar magnitHdo, fiB7. 

SoAr.iGKU, jDSi'iru (lfi4(M(i(){)), Fromdi 
(jlu'onologor, IHK. 

SniiAKUUiiiu*:, J. M. (IHlW ), Amorleim 

nstr., 257. 

SoiiiorNKH, J. (? ), (Inrmau astr., 

255, 257. 

ScurrAi’AiiKr.M, G. V. (18;>5 ), Italian 

UHlr., :«M, -lO;!, ‘112, ‘114, 52(!. 

St^irMiirr, A. (? ), Ooriiiau nstr., 

27H. 

SfurMiPT, J. ( IH25-H4), director of Obser- 
vatory of Athens, 21K, 575. 

ScinjKNKKr.i), 13. (IH2«-5)I), 5;i:l, 

SciiHKHJKRH, (.). VON (1775-15.52), (lerimiii 
limatour, 514. 

SouuoTKH, J. n. (1715-l«t(i), ;«H, 4i)2. 

SoHWAUK, H. IT, (17rti»-1875), (lernian 
astr,, 240, 

4clutllIatioii of stars, 84. 

Toaroh for astoroltls, luolliods, 4 ltl; for 
eoiuots, ‘I7i), 

Reasons, Ibo, 17H-1HI; on Mercury, .‘ISH j 
nu Mars, 412. 

Tkochi, a, (1HIK-7H), Ilalbin astr., 251, 
257, 5157, 5«H, 5l5». 

Tecoiulary, cIreloH, 27, 2b | siiootrinn of 
nil obJeet-Klass, 45. 

locular, aceoloratlon of moon, ;521); por- 
tiirbatlons of tlio planets, ;t75. 

UiK, T. -T. .1. (iwm •), Prof. U. H. N., 

447, 455, 45tl, 51(5, 55)5, Table VII, 
p<C((6 55)0. 

iitKi.miut, IT. (? ), (lorman nstr., 

441), 

Imnidtameter, auginentation of moon's, 
81 ; moan, of a spheroid, 1551, 152, 
IWffo 5H1, 

■ RNK<!A, Ij. A. (4 n.(',-A.u. (15), Komnii 
philosonlior, 481, 

oxtnnt, tlio, 78-75. 

lintlow, of oartli, Its dinioimions, 282, 
2K;1, 285, 70;1, 701 1 of moon, Its diiimii- 
sloiiH, 2851; its voloelly over oavtli's 
surface, 25)2. 

Inulow band.s of solar ccll|)S 0 , 25M, 

liiii-nt sea, dulunninalioii of Its position, 
5H), 107, :1:I2, ;ii:i, ii4. 

IiQOtiiig-stars, • 515-520; apiioaraiice, 
untiiu'o, and vulntlon to nii roll tic in ole- 
um, 515; tlielr munber, 5;I(I; path 
and velocity, 51.7 ; brightness, mu- 
torlali trains, 518; muss, 510; their 
ofTccts, 520, 

liootlng-star showers, see Hlmwurs, 
inoteorie. 

luH't-porloil, cometH, 485, 480; variables, 


Showers, meteoric, 521-.520 ; tlie radiant, 
521; dates, 522; stationary radiiuits, 
52:5; the Mazapil meteorite, 521 ; con- 
imctioa witli comets, 525, 520. 

Sidereal, day, dellned, 25; time, deOimd, 
25, 00; relation to iiieiin solar tliiii;, 
00; sidereal year, the, 182; slilereal 
and synodic periods, and e<[Ualloii 
expressing relatinii Imlweeii them, 
11)1, 8.51; sidereal year, its length, 
pat/o 582. 

Slderoslat, tlie, 54. 

.Signals, ai'Mlieial, loiigUinlo by, 105). 

Signs of the zodiac, 157 ; displacement of, 
by procession, 107. 

Sirius, dixcovory of Us proper inolioii, 
587; radial motion, 511 ; Its light coni- 
pnred with sun’s, 502, 501 ; and itscoin- 
panioii, relative iiiut alisoliite orliiis, 
flHl); Its parallax and mass, 500. 

Hixly-oiie (lygiil, llrst stellar parallax, 
determined by Hessel, 518, 550. 

.SlltlOHS speetroseope, Us Invention and 
Introiliietlon, 571; advantages ami 
dlsadvaiitnges, 572; use for speelro- 
seopic hlimrles, 508. 

, Sodium spectrum, lines of, rcversiHi, 2 )7 ; 
ill mill, 250; in cornels, 45)8. 

Solar system, soo System. 

Solar (see also Sun), time, a])pareiit and 
mean, 07-01), 17‘l.: eyepieces, 28(; 
spoetruin, 240; prom limiices, 257-201 ; 
corona, 202-201 ; coimlaiit, 207, 208; 
engine, 270; eclljises, 28l)-2IH5; stars 
(secoml (dnss), 508. 

Solstices, the, 28, 150. 

SoHKiicNUs (50 Ji.u.), Aloxandrlnii nslr., 
184. 

Southern O’obn, once vlsllde In Knglmid, 


Speetrograpli. tlie, 5 12, puyp 505, 

Speidrograjihic dotermfiiatloii of radial 
veloeity, 5 12, 

Spoctroliellogranli, the, 201. 

Spoolroseope, the, deserlhed, 244 ; tlm 
sIltlosH, 571, 572. 

Speetrosenpic, delermliiatloii of rmlliil 
veloeity, 251, 255, 541.542; liietlmd of 
observing solar proiiiineiu'CH, 250 ; de- 
terinimitlon of siiii’a veloeity in spaci', 
548; motlmd, possible, of delormin- 
ing parallax of biliary stars, 558; 
dumniistratlon possllile that gravlla- 
lion extends (o the stars, 587, note; 
hinarles, 501-51)8, 

Spoetruin and speclrn, secomlnry, of 
ohjeel-ghiKH, 45; formiiliou of, 2-15 ; 
Holav, 240; Hues, reversal of, 247; 
ihisli, 252; of miii-Mpols and faeiihu, 
258; Itucs, disnlacemeiit and dlslor- 
tlou of, 254-2511 ; of promliioiieoN, 257 j 
of corona, 208; of Menairy, 85)8; 
VomiH, 401, 408; Mars, ‘100; mllnuul 
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light, 430; Jupitoi', 434; Saturn, 440; 
Uranus, 455 ; Noptimo, 45!) ; of eomuts, 
4})8; of Bhooting-Rtars, 518; of atavs, 
641, 5()7-n72, 670, 57H ; of iiebulni, 002. 
Spliero, colestial, regarded as liiiinlte, 7. 
Spheres, attraction of, 144, 

Spheroid, moan radinH of, 13{), 432, prtr/e 
5B1. 

Spiral nohulto, 5!)!). 

Spitzhorgoii) siippoaeil lucleorio dust in 
snow, 518, 

SroHUKii, U. (1822-05), Uorman asti',, 
230, 2'41. 

Spring-tides defined, 331. 

Spurious disk (toleseopie) of star, 4(), 
Stability of the planetary system, 377; 

of Saturn's rings, 451. 

Stagnation, the apparent termination of 
existing tendeueies, 518, 

Standard time, 110, 

Star, names, 532; atlasoB, 632, note; 
eatalognes, 632, 533 ; places, tlioir 
determination, 684; mean and ap- 
parent, 535 ; cImrtB, 53(i ; motions, 
637-642; spectra, 641, 6(17-672, 57()~ 
678; parallax and distance, 545-563; 
magnitudes and lirlgiitiioss, 655-6()I ; 
coloi’B,- 5(i0; clnstors, variables in, 
684 ; clusters, 6!)8 ; gauges, Horscliel's, 

008. i 

Stars, oconltations of, 300 ; sliooting, 515- 
• 620; number of, visible, 568; light 
from, 682, 6{i4; heat from, 6(13; inis,s- 
Ing, 674 (1) ; now or toinporary, 676- 
677 ; periodic variable, 678-684; ; darlc, 
682, 68!), 6!)7 ; double and binary, 686- 
606; possible planets attending, 60(1; 
nuiltiplo, .607; distrilmtion on (lie 
celestial spliero, 80(1; in space, (107, 
(108; system of. (100, 810. 

Stntion errors, 137. 

Stationary points, 366; radinnl.s, 623. 

Sti51''An f? ), (lorman physicist, liis 

law or radiation, 272. 

Stkiniieti,, R, (? ), Gorman opti- 

olan, 47. 

Stellar, parallax defined, 645; magni- 
tudes, see Star magnitudes ; syatom 
contrasted with solar, 800, (ilO, 

Stunk, 15. J, (1831-07), Kngllsli astr., 603. 

Stjiuvb, K, ( ? ), Gorman astr., 460, 

460, 

SuAiNRit, T, n. (1810-70), American 
, ■ navigator, 113, 114, 

Sun, the :~ltsapparoiit annual mo tion, 23, 
166; its distance determined hy alier- 
ration,173; slated) 173, 223, 442, 476; 
diameter, -surface and volume, 224 ; 
ma,s.s, 226; total attraotion on oivrtli, 
220; surface gravity, 227; (lonsity, 
228; rotation and po.silioii of its poles 
and ctpmtor, 220 ; equatorial ncconsra- 
tion, 230; arrangements for study of 


its snrfneo, 231 ; photograpliy of, 232; 
the pliotospliere and facnlm, 233, 278; 
siiots, 231-243, 263 ; its spectrum, 24(1- 
251; cliomieal elemoiit.s detoeted in, 
248-250 ; it.s reversing layer, 252, 270 ; 
tlie chrmnosplicrc and promineuces, 
267-281,270; its eoronUj 2(»2-2(i4, 280; 
its liglit, (inantity, and iiitenaity, 285, 
28(1; its lieat, qnantlty, the solar con- 
stant, and energy of radiation, 2(57- 
271; efCeetivo temperature, 272-273; 
constancy of its rafilatioii, 274; mnin- 
toiianee of nidiallna, 275, 278; sum- 
mary ns to constitution, 277-280; 
oelipses of, 280-2!)() ; parabolic volocily 
at Its surface, 310; Uie tide-viiising 
force, 335; its distance doteriniiuid liy 
constant of llght-equatlon, 442 : }mral- 
lax determined by various inotliods, 
485-474: value stated, 223, 475, ;}«</« 
582; repulsive force, 502; its motion 
in space, 543; Its stollar inagnitudo, 
668; its probable ago and iluratlon, 
818; qucRtion wlietlior It lias roacliod 
its inaximnm of temporaturo, 818, 
note. 

Sun, central, the, 544, 800. 

Sunliglit at Nopluno, 4111, 

Sunrise and sunset, time of, how com- 
puted, 104. 

iSun-spols: — tlicir appearance, 2.34; Uiclr 
prolmhlonatiire, 235 ; dimensions, 238 ; 
dovolopinont, changes, and duration, 
237; their motions, 2J18; their distri- 
hiition on sun's surface, 23{); their 
periodicity, 240; Spoorer’s Imw of 
rlnn-Spot. Latitudes, 241 ; tluiorios ns 
to tlioii' cause, 2-I2; ternfstrla] iiiiln- 
ences and relation to magnetic dis- 
turbances, 2-13; tlielr spectrum, *253. 

Snjierioi' pianola, tlioir motion in olonga- 
tlon, 367. 

fiurfaeo gravity, on moon, 200; of a 
iihmet, how (letermliied, 382. See also 
Taiilo I, paoe 683, for siirfaco gravity 
on sun and plnnobs. 

SWKDKNUOKO, 3'Imanukt. (1088-1772), 
Swedish plinoBOplior, 813. 

Swrirr, L, (1820 ), American astr., 

47i), 504, 

Syinliols, mlsecllnneons, page 581, 

, Synodic period defined, 101, .304, 

■System, planetary or solar, tho, stability 
of, <177 ; Sir iTolin Hdrschel’s lUuslrn- 
tion of its Beale, 380 ; genesis of, tho 
nohnlar liypotlieHi.s, 812-814; iis ago 
and duralum, 818. 

System, stellar, question an to its miliiro, 
800, 810. 

System, the Ptolemaic, 5160; tlio C'opor- 
nlcan, 380; the Tyelinuio, {((ii, 

Systems, hi nary, 587-605. 

Syzygy dofinod, 100, 
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Table niul diagram shOM'lng relation 
botwoon systeniH of eolestial coordi- 
nates, .50; of names, aiiin'oximiite 
period and distances of the planels, 
IWO; giving values of tlm distance of 
tlio sun corresponding to different val- 
ues of its parallax, d7f); values of 
solar parallax obtained by dllTercnt 
motljods, ‘170, ]iote ; of telescopic aper- 
tures required to sliow stars of dilTor- 
ont inagnitudos, (551). 

Tables of Appondix: — 

I. Planetary data, w«r/fl 58;5. 

11, Satellite data, “ 581, 585. 
lit. Comets of wbiclj 
returns have been 
observed, " 58(1. 

IV. Stellar parallaxes, 
dlstaiuios, anti 
motions, " 587. 

V. Kndinl voloeltlos 

of stars, 588, 

VI. Variable stars, '* .58!), 

Ani, llinary star orbits, “ 51)0. 

A^III. Meauiofractloiia, “ 51)1. 

Tall, or train, of comet, IDS, flDb, 1H5, 500, 
501, 5011, 508; repulsive force udiicli 
produces it, 502. 

TAr.uo'n', Oaut, A. (171)8-1888), U, S. 
onginoor, 02, nolo. 

TobbiJtt’s comet of 1881, 501. 

Tolograpii. loligltiido l)y. 10(1. 

Tolop-aphio moLliod of time observation, 

Tolescopo; — goiioral principle of, dO; 
slmplo rotrnctlug, dl; nmgnifyliig 
power, <12; llght-gatliorliig powor, dd; 
aclironmtlo, <14: rulloctlng, 'll): re- 
fracting and rollocthigjcoiiiparod, 51; 
mounting of, 52; vletv-, of spnetro- 
scope, 214. 

Toloscopos, early long, <14, Jiolo; large, 
51; photographic. 5!5lb 

'J'clomatpio, study of sun’s sarfaeo, 281 ; 
aportiu'o roiiulrod to show Slavs of 
given magnitude, 5.51), 

Telespeotroscmm, the, 244. 

Tkmimci., li. Av, J„ (1821-80), Milanese 
a8ti'.,52t),pM;/e58(i, 

Temperature; —proligblo, of mnon, 212 ; 
olrcctivo, of Hulivr surface, 272; quos- 
tUmublo, of Mars, 415 ; probable, of 
.limiter, 487; of coiiuds, 41)8i of jnoie- 
urltos, 512; doubtful, of iicbubu, ()()8; 
probably low, of the original nebula 
of solar system, 514. 

Temporary stars, or ‘'Novic," 575-577; 
oxplaimtloiis of, 581, 

Tormiuntov, the, do fined, 205. 

Totliys, a salellito of Saturn, 452. 

Theodolite, astronoiulcal, 70. 


Tliroo bodies, problem of, 822-825, 

Thule, the romotost nstornbl, 42(1. 

“ Tliwai'twisc ” or "cross" inoLioa, 540. 
Tidal evolution, 24(1, (!14, 

Tides, the, 8;i0-:t4(i; dcllnillous, 880, 881 ; 
the tide-raising force, 882-885 ; condi- 
tions for a permanent tide, 88(1 ; elTect 
of car Ill's rotation on, .887 ; free mid 
forced oscillations, 888; eo tidal lines, 
881) ; course of thomniii tbial wave, 810 ; 
in rivers, 841 ; height of, 842 ; oifect of 
wind on, ole,, 848; id iiilaiid lakes and 
sons, 844; olTccl on carlh’s rotation, 
815 ; olTcot oil moon’s motion, 845, 
Time, dHToront kinds, 85; sidereal, 25, 
1)5; apparent solar, 1)7; inoaii solar, 
1)8; roliUion liolween (ho din'orent 
kiads, Dll; methods of determining, 
101, 108; local and standard, 110; 
equation of, DO, 174-177. 

TrssicuANn, F, (1845-115), French nstr., 
885. 

Titan. Saturn's largest salellito, 453, 
Titaiua, third anil largest satellite of 
Uranus, 450. 

Titiuh, J. U. (172I)-1K!), (Icrmanastr., 840. 
Torsion halanco, 148-158. 

Total eclipses, of the moon, 287 ; and aii- 
judar of the sun, 200. 

Transformation of aslronomlcnl courdl- 
iiates, 700-702, 

Transit-cli'clo, sec Morldian-clvclo. 
U’l'anslt-instrumeiit, the, dcscrlhod, 51; 
coiidttimis and adjustments, 52, tl8; 
dotoriYiiimtlon of time by, 101, 
Transits, meridian, nliolographic method 
of oljHoi'ViUlon, (15; daily, of moon, 
Iiitorvul lietwcon, 108; of Moronry, 
,81)5 ; of A^'emis, '105-405 ; observed for 
solar parallax, ‘15l)-<172. 

Transparency of space affoctod by moto- 
ors, 520. 

Triangle, the astronomical, 81. 

Tropical year, tlio, 182, iniya 582. 

Tropics, the, 155. 

Thouvuuot, Ij. (1827-05), Freiicb-Aiuori- 
oan astr., 488, 

TiiowniuniiK, .1. (1818 ), Am erica n 

pliysioist, 2'I0, 

TiniNkii, H, 'r, (? ), ICnglisli aslr., 

528. 

Tu'rrr.M, II. P.' (18811-—),, American 
astr., 525, 

Twilight, 85. 

Twinin(j, a. 0. (1801-84), Aiiierlean 
physicist, 525, 

Twinkling of stars, 84, 

Two bodies, problem of, 815, 817. 

Tyclio Brahe (1545-1501), Imnish astr., 
851, 481, 582, 588, 575; lunar ('rater, 
217, 211). 

Typical stars of first and second magnl- 
tildcH, 5.57. 
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Ultra-Noptiuiiaii planets, 

UtTjaii llRtou 1-144*.)), Arabian astr, 
(Samarcand), fills, fififi, note. 

Umbi'iol, satellite of Uranus, IWi. 

Uncertainty of measured dlamolers, den- 
sities, and massesof some planets, S7i). 

Universal inslrumont, 70, 

Universe, .stellar, stmeturc of, fiOfi-tiOO. 

Uranomelria, Arffolander’s, pfifi; of lllp- 
parelins, Ptolbiny. mid Ulugli lloigli, 
Ofifi, note; Cambridue, fi57; Oxoulen- 
.sis, fi-W. fi(iO (1). 

Uianns, discovery of, 418; the planet, 
‘Ifill-lfiti. 

Utility of astronomy, C. 


Vortical circles, 14. 

Vkry, F. W. (? ^), Amorleaii astr,, 

213. 

Vesta, asteroid, 418, 422, 

Victoria, asteroid, 488, 

View-loloScopo of spertroseope, 211. 
Vialblo lioi'lzoH defined, 18, 

Visitors, astronomical, to solar system, 
comols, and meteors, 485), fild, 

VociiCL, II. 0. (1812 ^), (lerman astro- 

physieist, 40!l, fil2, fitKI, fi7f>, fi7(i, 
fi82, 5!»2, fitK), Table V, /mr/e 888. 
A'^nlenn, a supposed Intramorenrlal 
planet, 42!). 


W 


V 

Vanadium In aim-spots, 263, 

Vanishing point, 7, 

Variable stars, B73-B84: — clns.sincalion 
of, 673; non-periodic variables. Class I 
(gradual), 574; Class U (Irrognlnr), 
R74; Class III (temporary or “Novro”), 
576^77 : periodic, Class IV (Mira 
typo), 678; Class V, short period (typo 
of /jLyrro), 67.11 ; Class VI (Algol typo), 
080: explanations of varlnbUlly, 681: 
atollar eclipses, dimoiislons of Algol 
system, 682; mimiier and designation 
of variables, 683; discovovy by plio- 
togrnphy, 683; variable-star clusters, 
084; table of principal vnriablo.s visi- 
ble m United States, page 68!). 

Variation, pos.slblo in longtli of day, 128, 
346; the lunar, 328 (fi), 

Vop (a Lyrro), 4BT, fiflO, fifS, 6(53, 064. 

VoroclUes, areal, linear, and angular, in 
central motion, llioir relations — for- 
mnlro, SOB. 

Velocity, orliital, of the carlli, 110, 173, 
223; of light, 173, 411, 412; of tlio 
moon’s shadow during a total solar 
ocllpso, 202 ; the paraliolie, orvelooitj' 
from infliiity, 318, 310; of mofoora, 
010, 617 ; radial, dolormliial Ion of, 611 , 
0'|2; ,of aim's motion in spaco, 643; of 
spectroscopic binaries, B!)2, 603 ; Table 
of radial velocities of stars, mge 
088. 

Venus, 307-400: orbital peculiarities mid 
bri;>htno8s, 307 ; diameter, mass, and 
density, 308; phases, 300; albedo, 
400} ntmosphoro, 401; unexplained 
light oil surface, 401; surface mark- 
ings, 402; rotation, 403; imagined 
sntollllo, 401; transits, 40B, 40t}; trnii- 
sUs observed lor .solar parallax, 4(50- 

Vernal Tiipilnox, or Flnst of Aries, 22, 23. 


Wa.sliingtoii telcscopo, falnli-sl stars visi- 
ble, 660. 

Water vapor, absent on moon, 208; ques- 
tion of its prcsoiu'o on Mercury, .‘503; 
Venus, 401; Mars, 400. 

Wat.son, ,1. C. (1838-80), American astr,, 
320, 321, 401,424. 

Wavo-leiigt h, apparent, cliniigod by radial 
motion, liopplor's prluciple, 2B4 ; liy 
otlicr causes, 2.')(1, 642, 

Way, tbo sun’s, ri43, 

Wkiuj, T, W. (1807-86), English ama- 
teur, 218, 220. 

Wolglit, loss of, between polo and equa- 
tor of oartli, 1315 ; disllugulHlied from 
mass, 140, 141, 

Wliirlpool uoliiila, llio, 600. 

WlT.T,IAM8, StANI.KY {? ), Ellgllsll 

amatmir, 416. 

Wind, its oftoct on tides, 313. 

Wool)', Max (? ), (lerinnn astr., 

410, (500. 

Woof, R. (181(5-03), Kwiss astr., 210. 

Wolf-Kayot stars, fill!). 

Woooaston, W. H. (17(5(5-1828), Englisli 
physicist, 210. 

WiiioiiT, T. (17B0), English anmtour, 
440. 


Y 


Yale College Okservalory, its liollomolor, 
73. 


y Cygiil, jicculiar varlallon of, fi82. 

Year, tlio throe kliuls of, 182; (lielr 
rcspoctlvo loiigt im, 182, pM//c 682; I bo 
ecifpso year, 207. 

Yoi'kos Observatory, Its loleHcopo,43,5l, 
422, BBO; engraving of obsorvntory, 
page 136; pliolograplis of moon, 222; 
its Uruco speetrograpli, 612, p«f/c B0,B; 
observations of NIcIioIh on lioat. from 
St ars, 603 ; |)l) olographs of Novn I*orsol 
nebula, 677. 


TNDICX 


ni I 


z 

li, tlio nHtronnmical and gcoiiont ric, 

li-dislnnuo doliiied, ifi. 

Ii-teloscopo, the, i}2. 

absoliito, of toiniioratui'o,27n, note ; 

Inis of moridiau-tdrelc, (j'J.. 


Zodiac, lli(‘, IT)?. 

Zodiacal lltc, -lilO. 

ZoT/r.NKU, (f. (1. 1''. (IHJH-H2), <tm-tiinii 
natrophysiolsl, 2L(|, 'HKl, 'iOH, •lll.'i, 
«l l(), ‘I.W, ‘]ni>, i1(i2. 

Zones, Hesscrs, A r},M!l iindor , (Sinild’s, 
ote., 



